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The ability to isolate an intact renin granule fraction
from renal cortex tissue of male rats has provided a method
for examining some of the properties of renin granules
exposed to various treatments. In view of the release of
renin from granules on stimulation and the latency of renin
granules in suspension, the permeability of the granule
membrane was investigated as a function of sucrose concen¬
tration (osmolarity). Osmotic activation was observed over
the entire range below isoosmotic conditions. This’ finding
indicated that a great variability in granule membrane re¬
sistance existed. It was assumed that this type of release
was an osmotic phenomenon.
The effects of pH and temperature on the stability of
renin granules are more difficult to interpret. At a pH
below 4.0 and above 8.0 renin release increases quantitative¬
ly with complete liberation of renin from the granules into
solution. The granules appear to be more stable in the pH
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range of 6.0 - 7.0. High temperatures cause resin re¬
lease from the granules to proceed almost identically to
the conditions of pH. Renin granules were more stable at
4 C than at the higher temperatures of 37 C and 47 C. The
thermal activation observed here is ascribed to autocataly-
tic changes in the granule membrane.
It seems important to pay attention to the concentra¬
tion of ions and their fluctuation on renin release ^ vivo.
In this context attention is drawn to the observed
solubilizing and stabilizing effect of certain ions on
isolated renin granules. A medium containing potassium,
phosphate, sodium and magnesium appears to be preferable
for stability. Calcium, however, contributes toward
solubilizing the granules. As could be expected, phospho¬
lipase A, sodium dodecyl sulfate, and digitonin all are
effective in releasing renin from isolated granules. The
first and last agents produce their effect through the
formation of complexes with lipids and cholesterols in the
granule membrane. The influence of these agents is probably
due to their expected and known disorganization and destruc¬
tion of biological membranes.
Attention has been directed toward the possible nature
of renin within the granules. The results support the
contention that a significant purification can be achieved
if a purified granule fraction is first isolated and
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solubilized prior to purification attempts. Once renin is
in solution it can easily be separated by ammonium sulfate
fractionation (10 - 30%). Approximately 75% of the soluble
renin with immune serum (antirenin) suggests that rat and
hog renin share common antigenic determinants and are simi¬
lar if not identical. Heat stability studies comparing
soluble renin with plasma renin indicate that 70% of the
renin from granules is inactivated at 55 C for 20 min.
Plasma and renin from granules also possess a similar pH
optimum.
DEAE and gel-filtration studies revealed only one peak
of activity on either column. These chromatographic data
have been interpreted to suggest that only one molecular
form of renin is synthesized and stored in the granules.
In discussing the results obtained it was concluded
that the data support and reflect the dissolution of renin
granules in vivo under conditions of renin release.
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Work in hypertension had its origin long before the
discovery of renin and the ideas proposed by Brown-Sequard
on the secretion of chemical substances into the blood stream
became popular. It all began with Richard Bright, who first
associated the contracted kidneys with the hypertrophied left
ventricle. This condition was soon recognized to be the re¬
sult of an increased blood pressure, with the kidneys con¬
sidered the center of the disturbance. Thus, many clinicians
and physicians began to recognize that somehow the kidneys and
elevated blood pressure were closely related. The timing of
this idea was perfect, because the late nineteenth century was
a period of increased interest in the secretion of internal
chemical substances into the blood affecting distant organs.
The search began for an internal chemical substance that could
affect blood pressure. Tigerstedt and Bergman (1898), investi¬
gating this idea in the kidney, injected crude rabbit kidney
extracts into normal rabbits and produced a rise in blood
pressure. Since the center of interest was the active
substance in the extract, they named this material renin.
For nearly 30 years after its initial discovery, renin
remained only a curiosity, with no real interest in its
significance to hypertension. The predominant ideas as to
the nature of hypertension were still non-renal, despite
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the fact that several pathophysiological events relating the
kidney to elevated blood pressure had been identified and
received experimental support.
A young pathologist named Goldblatt (1934) was par--
ticularly impressed with the fact that individuals with
hypertension showed far more severe and frequent renal
blood vessel Involvement than any other organ in the body.
Even though the blood vessels of the kidney could be far
more sensitive to the effect of hypertension than most
other organs, he was partially intrigued with the idea that
the essential events which led to the development of hyper¬
tension were of a renal origin. To test this hypothesis,
Goldblatt designed an experiment in which a normatensive dog
would resemble conditions seen in essential hypertension and
the course of blood pressure could be followed from that
point to the hypertensive state. Thus, successfully ac¬
complishing his goal, Goldblatt and many other researchers
set out to define the mechanism of this type of hypertension.
The choice was quickly narrowed. It was concluded that the
kidney was releasing something into the circulatory system
and this substance in turn led to the development of hyper¬
tension. This work stimulated several groups of investiga¬
tors to re-examine the nature of this substance. Subsequently,
this substance was identified as renin, the same material
discovered and forgotten 30 years earlier.
Nearly half a century has passed since Goldblatt first
described his findings of experimentally produced
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hypertension in normatensive dogs. Much of the work which
followed established the physiology of the renin angiotensin
mechanism, yet a great deal of the literature on the subject
is repetitious and conflicting. Although the intervening
years have seen a voluminous literature accumulate, a per¬
sisting controversy still exists concerning the mechanisms
which govern the secretion or release of this enzyme. In
the last ten years there has been extraordinary advancement
in our understanding of the fundamental metabolic events
that occur during renin release. Factors such as hormones
that might modulate these responses have been studied; the
gross and ultrastructural alterations that accompany and
reflect these events have also been described and, in
general, consideration has been given to about every imagina¬
ble cause and event. The situation becomes particularly
complex in those experimental models in which more than one
condition of abnormality is found. Nonetheless, data
accumulated over the past 30 years have not led us any clo¬
ser than before to understanding renin release at the cellu¬
lar level.
As a result, it is now suggested that renin release
not be ascribed to any single cause, but, rather, to a
combination of causes. We believe, however, that the
initial insult, whether it be due to ischemia, dietary
sodium chloride, or a combination of these conditions, sets
into motion a series of events which ultimately affect renin
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containing cells. One factor or another might assume
predominance at any time and obscure the influence of the
others; however, the events set in motion are the same.
It occurred to us, that in order to understand the
impact of the physiological environment on renin release
it is important to approach the problem from a broad range
of molecular aspects. This line of investigation has not
been fully developed as it relates to renin; thus a con¬
siderable contribution can be made relative to control of
renin release. Since the major part of cellular renin is
stored in cytoplasmic granules surrounded by a membrane,
the isolation of renin granules might provide a useful
model for studying its release on stimulation. Our hypo¬
thesis is that the stimuli or the lack of stimuli bring
about a release of renin through its ability to affect
renin granules. When the stimuli for renin release reach
the cell surface they induce the immediate liberation of
the contents of renin granules into the plasma. This fur¬
ther suggests that the stimuli to renin release are mediated
through the stability of the renin storage granules. The
fact that certain experimental conditions increase and
decrease juxtagomerular (J.G.) cell granulation supports
this view.
It is for this reason that this study has been under¬
taken. The principal approach has been to identify the cell
fraction containing renin granules as distinctive organelles
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and to study the biochemical and physicochemical properties
of granules exposed to conditions that affect their stability.
In this manner, we hope to gain some further insight into the
contributions made by the renin granules to renin release in
health and disease. We have examined critically these prop¬
erties and offer a unifying hypothesis concerning the condi¬
tions responsible for affecting the stability and maintenance
of renin storage granules. Indeed, if the stimuli do act at
the level of the renin granules, then renovascular hypertension
due to the renin-angiotensin mechanism might best be controlled
through mechanisms that correct the initial insult, and, in
other cases, through blocking the stimuli. Our work in
hypertension has been directed toward these goals.
CHAPTER II
REVIEW OP LITERATURE
The literature on renal hypertension is extensive,
diverse and confusing even to the most experienced re¬
searcher. Work is divided between basic and clinical
research aimed at both understanding and controlling
renovascular hypertension. In this review we have at¬
tempted to bring together the most pertinent publications
relative to renin release and renin storage granules. To
achieve this end we have divided our review into two main
sections. The first is to review the main components of
the renin angiotensin system and includes the genesis of
renin granules as interpreted by ultrastructural studies.
The historical aspects of these observations are also in¬
cluded. The second is to relate this information to the
development of our work on renin granules in hypertension
in such a manner that it will reinforce our findings.
Inevitably, this meant that we had to develop a selective
approach to the great amount of literature available.
Near the end of the 1800's the idea that substances
secreted into the blood stream might influence organs
and tissues at some distance began to have important
implications in physiology. This observation supported
the hypothesis that the kidney could produce and release
a humoral factor in the blood which caused an increase
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in blood pressure. The kidneys had long been recognized
as being related to increased arterial blood pressure in
certain kinds of hypertension. Tigerstedt and Bergman
(1898) decided to investigate the possible endocrine
function of the kidneys. They found that a crude extract
of rabbit kidneys, when injected into an anaesthetized
rabbit, caused a rise in blood pressure. This material
was called renin. For many years this observation was
debated; other investigators were unable to duplicate
these results (Vincent and Sheen, 1903; Shaw, 1906;
Bingle and Strauss, 1909). However, Pearce (1909), using
a different isolation procedure, was able to duplicate
Tigerstedt and Bergman's original experiment.
For more than thirty years renin remained only a
curiosity and a matter of limited discussion. In the
early thirties, Hartwich and Hessel (1932) repeated the
work of the original discoverers of renin. This was a
period of increased interest in internal secretions,
however, there was still only a casual relationship
between renin and blood pressure. Several years after
its rediscovery, a young pathologist, H.Goldblatt, became
interested in the fact that individuals with hypertension
seemed to have more kidney blood vessel involvement than
other organs. He was led to speculate that somehow the
kidney might be the source of this hypertension. In
search of a way to prove his point, Goldblatt (1934)
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found that if a persistent constriction was applied to a
renal artery a rise in blood pressure would result. These
results raised some serious questions as to the mechanism
of this observation. Several investigators set out to
define more completely these observations (Pickering and
Prinzmetal, 1938; Hessel, 1938; Helmer and Page, 1939;
Swingle et , 1939). It was quickly concluded by
Pickering £t (1942) that the kidney was releasing
some substance into circulation and this substance, in
turn, led to the elevated blood pressure. This substance
was later shown to be the same material originally defined
and named by Tigerstedt and Bergman (1898) and rediscovered
only eight years earlier by Hartwich and Hessel (1932).
Subsequent workers following the original work of
Goldblatt established most of the physiology of renin,
the renin angiotensin mechanism and the measurement of
renin. Briefly, renin is now well established as a
proteolytic enzyme, and its general properties in solution
have been well documented, first by Pickering and
Prinzmetal (1938), and later by Katz and Goldblatt (1943)
and Peart ^ (1966). Renin has been shown to be a
remarkably resistant enzyme in undiluted solution. It is
resistant to drastic pH changes and high temperatures
(Helmer and Page, 1939). These classical but pertinent
observations clearly established renin as an enzyme.
Information on the structure of renin is limited. For
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more detailed observations the following publications
are recommended (Hass ejt , 1963; Deodhar et , 1964;
Pickens et , 1965; Ryan ^ £Q. , 1966; Sealey ^ ,
1967).
Renin as an enzyme does not have any pressor pro¬
perties. It acts on a substrate, angiotensinogen, forming
angiotensin I. No reaction is presently known of renin
other than the formation of angiotensin I. Any action
associated with renin is a function of the formation of
angiotensin I. Angiotensin I is a very weak pressor
material. It is further acted on by a converting enzyme
to form angiotensin II. The smooth muscles of the arter¬
iolar wall respond to angiotensin II by contracting. The
mechanism of that action is now well established (d'Auriac
et al., 1972). The result of the binding of angiotensin with
receptors is an increase in peripheral resistance and
increased blood pressure. The renin angiotensin mechanism
has been reviewed so often and evidence of its existence
so convincing that reference is made to the following
article for a more detailed explanation (Peart, 1965).
The experimental evidence which led into the subject
of this research was initiated some years ago by two
independent lines of investigation. The first was morpho¬
logical and led to the definition of cytoplasmic particles
of fairly characteristic structure which were shown to be
the source of renin. The second was biochemical and
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resulted in the identification of certain granules as
distinctive storage particles of renin. A discussion of
renin storage properly begins with an emphasis on the
juxtaglomerular (J. G.) cells of the media of the afferent
arteriole which leads into each glomerulus. The presence
of granules in the cells lining the media of the afferent
arteriole was first reported by Ruyter (1925) in the rat
and mouse, and Oberling (1927) in man. Previously, the
discoverers of renin had observed that extracts from the
cortex contained more renin than the medulla. However, no
attempt was made to locate renin precisely, so no
correlation between the granules of J. G. cells and renin
was made until Goormaghtigh (1939) first suggested those
cells as the source of the enzyme, renin. Examining the
vascular pole region of the glomerulli in man, the cat and
rabbits, Goormaghtigh noted that one group of cells was
present in the media of the afferent arterioles close to
the glomerulli in all three subjects. He further observed
that these cells were modified so that the typical myofi¬
brils were replaced with cytoplasmic granules. After more
histological study of experimental animals and man with
hypertension, he noted an increase in granulation of
these cells, and proposed that these granules were secre¬
tory and that the substance they secreted was renin. The
ability of these granules to stain with special dyes.
Including fluorescent, tagged anti-renin was exploited
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in many deliberate studies aimed at localizing renin.
Friedman and Kaplan (1942) were among the first to
study the location of renin directly. Studying extracts
of fresh and marine fish kidneys, they noted that fresh¬
water fish with its glomerular containing kidneys would
produce a pressor action on injection in dogs. Whereas
in the marine fish a non-glomerular kidney would not
produce a rise in blood pressure, these findings were
interpreted as indicating that glomeruli were associated
with renin. Bean (1942) later showed that glomeruli
were not necessary prerequisite for renin activity.
Several other studies produced more conflicting results
(Kaplan and Friedman, 1942, 1943; Govaerts and Verniory,
1948; Yoshimuri and Negishi, 1954). Seeking other
structural changes that might explain the increase in gran
ulation in J. G. cells, Yoshimura and Shindo (1955) found
that in rabbits with constricted renal arteries, the dark
cells in the distal and collecting tubules might contain
renin. Demopoulos £t (1960), using several experi¬
mentally produced forms of hypertension to correlate
renin and histological changes in the kidney, concluded
that renin was produced in the J. G. cells of the afferent
arterioles. Other studies not aimed at deliberately
locating renin also showed a similar correlation of
granulation and renin (Pitcock et , 1959; Tobian et al.
1959, 1962). These studies further demonstrated that
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under different experimental conditions, the degree of
J. G. cell granulation would reflect renin increases.
A novel approach was that of Nairn ^ (1959) using
fluorescent labelled anti-serum to renin. These workers
were able to localize renin histologically. The antibody
occurred most abundantly in the region of the glomerular
capillary. However, these results were still not
regarded as definite in locating renin. It was generally
agreed that an increase in granulation of J. G. cells was
associated with conditions which stimulated the secretion
of renin into the plasma.
Another technique which has been used to collect a
great deal of information about the nature of the renin
granule has been through ultrastructural studies. Latta
and Munsbach (1962) and Oberling and Hatt (1960) using
the electron microscope have shown renin granules to be
large homogeneous structures of moderate density, often
irregular in shape and surrounded by a single smooth
membrane. Variations in this appearance have been sug¬
gested by others (Barajas and Latta, 1963; Saladino and
Trump, 1963). The increase in J. G. cell granules under
different physiological conditions suggested that the gran¬
ules were either synthesized in the cells or, after their
synthesis, transported to the J. G. cells lining the
media of the afferent arterioles for storage.
Speculations concerning the first possibility have
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been made by a number of investigators (Pitcock et ,
1959; Tobian ^ , 1959). Numerous other publications
of electron micrographs have failed to show the latter
possibility, that renin granules are synthesized and trans¬
ported to J. G. cells of the afferent arterioles for
storage. Utilizing rats maintained on both low and high
sodium diets as a technique to stimulate J. G. Cell se¬
cretion of renin, Chandra et (1965) found that J. G.
cell granules were apparently formed within the endo¬
plasmic reticulum of the cells. In rats maintained on
low sodium diets, sodium depleted rats, the J. G. cell
granulation and renin activity continuously increased
throughout the period of the experiment. In animals
maintained on a high sodium diet, the degree of granulation
remained nearly constant. In sodium depleted rats in the
later stages of the experiment, the J. G. cells were so
filled with granules that the cytoplasma could hardly be
seen. The endoplasmic reticulum was often transformed
from a normal lamellar structure to vesicular elements
during the granulation. The granules varied considerably
in size, ranging from 0.1 - 1.0 v or more. Frequently,
the granules were either circular or oval and completely
bound by a membrane. In some instances fusion of granules
could be seen, resulting in the formation of cylindrical
structures. Tobian ^ (1959), Barajas and Latta (1963),
and Chandra et al. (1965) suggested that the contents of
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the granules are stored during the period of sodium deple¬
tion or the rate of discharge is less than the rate of
synthesis and storage. The similarity between the electron
opacity of granules and the material in the endoplasmic
reticulum strongly indicated that renin is synthesized
within this element (Chandra et , 1965).
The golgi apparatus was considered to be the site of
formation of secretory granules by Cajal (1914), Sjostrand
and Hanzon (1954), and Farquhar and Wellings (1957). More
recently, Caro and Palade (1964), combining electron
microscopy with the autoradiographic techniques, have shown
further evidence that the golgi complex is the packing site
for secretory products in pancreatic cells. However, the
absence of continuity between the golgi apparatus and the
elements of the reticulum in J. G. cells suggested that this
might not be the case in these cells. Further, the absence
of ribosomes in the region of the golgi apparatus could in¬
dicate that material for the granules is indeed synthesized on
the endoplasmic reticulum and directly transferred to the
granules. This has been shown to be the case in other
protein-secreting cells (Chandra, 1963; Wissig, 1963). The
most convincing evidence of this type was the correlation
of the biochemical and morphologic studies of Siekevitz
and Palade (1958). From these results it is generally
agreed that the matrix material for the granules first
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appears in the endoplasmic reticulum and later in the
granules. The role of the golgi complex in renin granule
formation cannot be completely elucidated from these
studies, However, it is strongly suggested that this
structure is involved since it is enlarged in J. G. cells
stimulated by low sodium diets (Barajas and Lotta, 1963).
So far no experiments have been done utilizing
isolated glomeruli iji vitro for radioautography studies to
follow the fate of radioactive labelled amino acids within
J. G. granulated cells. Until this is done we can only
suggest that the sequence of morphological events in the
formation of renin granules is from: endoplasmic reticu¬
lum, to the golgi complex, then to renin granules.
Barajas (1966) studied the J. G. apparatuses from
normal rats, monkeys, patients with renovascular hyperten¬
sion and rats with constricted renal arteries. He was able
to show that renin granules in J. G. cells developed from
protogranules and for the first time a crystalline material
was demonstrated in these granules. This further indicated
that renin granules originated in a manner similar to other
secretory granules. For renin granules it is now thought
that the golgi complex is the source of the membrane for
the granules. This is in agreement with the concept
originally proposed by Sjostrand (1959) and Sjostrand and
Hanzon (1961) for secretory granules in general. The
protogranules proposed by Barajas have a periodicity of
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from 50 - 100^. These protogranules can also be seen within
the cisternae of the golgi apparatus, and vary from round
to diamond shaped. In man and monkeys it was interesting
to learn that the rod shaped granules with round ends
predominated but in rats the ovoid shape is most frequently
seen. The number of granules increased in the golgi
apparatus of J. G. cells from hypertensive patients.
Often multiple protogranules are contained in a large
smooth-surfaced membrane sac. This is thought to be caused
by the coalescence of many protogranules with each retaining
its individual and independent structure. The mature gra¬
nule is probably formed from a conglomerate of the proto¬
granules, however, these mature granules lose their
crystalline patterns. More information and knowledge about
the biophysical and biochemical nature of the J. G. granules
will be required before further structural analysis is com¬
plete. The amorphous appearance of mature granules cannot
be explained if mature granules are composed of proto¬
granules. A morphological site for conversion of the
protogranules to a mature granule, however, has not been
established.
Quite apart from the need to characterize the ultra¬
structure of J. G. cells and granules, the intriguing
questions relate to the mechanism of granule storage and
release within the active J. G. cell. It is toward this
end that Skelton et (1967) studied aqueous extracts
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of kidney tissue using differential centrifugation.
These workers were able to separate the renal pressor
activity, renin, into a "liquid pellet" fraction. The
results of this procedure together with electron micro¬
scopic observations of the "liquid pellet," suggested
that during homogenization the membrane of J. G. granules
rupture, releasing renin subgranules or protogranules.
The subgranules can be concentrated in the "liquid pellet"
fraction by extended ultracentrifugation. This further
indicated that renin, in rats, is in the form of sub¬
granules. Electron microscopic observation of nega¬
tively stained preparations of this pellet indicate the
subgranules measure about 4 nm in diameter. Using the
same technique of differential centrifugation, Skelton
et (1967) initiated studies to determine more precisely
the site and mechanism of renin storage. The results of
this study showed that the storage and synthesis of renin
follows the same general pattern proposed for cells of the
pancreas (Palade, 1959); the chief cells of the gastric
mucosa (Ito and Winchester, 1963); Parenchymal liver cells
of the hamster (Chandra, 1963), and the follicular cells
of the thyroid (Wissig, 1963). According to this scheme
renin could be synthesized by the endoplasmic reticulum
and transported within the membraneous canal to the golgi
area where it would form the subgranules by budding off
and agglomeration of the golgi vesicles. This would
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account for the small crystalline structures seen in some
electron micrographs of large granules. The limiting mem¬
brane of the large granule would be derived by incorporation
of the membrane of the smaller sacs into the mature granule
membrane. In addition, this accounts for the homogeneous
appearance of some large granules.
The presence of two typical lysosomal enzymes in
addition to renin, in histochemical studies of J. G. cells
by Gomba and Soltesz (1969), provided further support to
the concept of their lysosomal nature. The lysosomal char¬
acter suggested by these workers has special importance.
It showed that the transformation of the vascular smooth
muscle cells into modified epithelial-like endocrine ele¬
ments is probably based on the activation of their lysosomal
system, thus being inactive in normal, unmodified arteriolar
smooth muscle cells. During activation, acid phosphatase,
6-glucuronidase and the proteolytic enzyme renin increase,
whereas other nonspecific esterases diminish. According
to the lysosomal concept, smooth muscle cell secretory
activity would be due to transformation by redifferentiation
and specialization of an old defending digestive system
of the cell. In concluding observations on electron micro¬
graphs of J. G. granule cells and isolated renin granules,
it might be said that the interpretations applied in many
instances embodied considerable speculation and reasoning
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by analogy. Until serious biochemical studies of renin
synthesis are done, the present proposals are little more
than hypotheses which need further investigation.
Perhaps the most interesting work on renin granules
was that of Cook (1968). Using microdissected glomeruli
from mouse kidneys, he was able to remove some of the
granule contents of a single J. G. cell and generate a
pressor material. This brilliant experiment removed the last
vestige of doubt about the location of renin and further
provided support for the earlier fluorescent antibody
studies of Hartroft £t ^., (1964).
It is now well established that J. G. cells are associated
with procedures which stimulate the release of renin into the
plasma (Davis, 1971). Furthermore, we now know that J, G.
granulation accompanies stimulation of renin secretions (Skel¬
ton ^ , 1967; Tobian ^ , 1959). But, beyond these
simple assertions lies a very active controversy: the mechan¬
ism of stimulating granulation and renin release. The specific
stimuli received by J. G. granule cells and the mode of its
action is still unknown. Throughout the years two main ideas
have advanced to account for these observations: the baro-
receptor hypothesis and the macula densa theory. In fact, a
large body of information now supports both ideas (Tobian
et al., 1959; Vander and Miller, 1964; Davis, 1971).
Recently a number of new approaches have been advanced
and information now accumulated indicates that
renin release and J. G. cell granulation might not be
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ascribed to any single cause, but rather to a combination
of causes.
Since the whole question of renin release has been the
subject of so many investigations it will not be reviewed
here (see Vander, 1967; Davis, 1971). It seems legi¬
timate, based on histological and vito observations,
to raise certain questions; Are J. G. granules themselves
responsive to the stimulation for renin release, and are
renin granules purely storage sites for renin, only to be
released into circulation on stimulation? Is it conceivable
that renin granules and subgranules are receptors with no
intercellular link between the granules and stimulation?
Where, in the scheme of anatomical structure and renin
release, does the stored renin granule function from a
physiological point of view?
It would be helpful to have observations which define
more precisely the role of renin granules in renin release
and also to show the physiological role of renin storage
granules. It would appear that studies are needed to
delineate the properties of these structures and the im¬
portance of these properties to renin release. Indeed,
the molecular mechanisms involved in renin release are
also involved in governing renin granules. However, to
make these studies possible, it is necessary to have an
in vitro system free from the influence of those factors
that seem to be important in renin secretion. The release
21
of renin from cortex tissue slices isolated from rats and
dogs has been demonstrated by a number of workers recently.
This procedure allows a study of renin release under various
conditions free from systematic influence (Yamomata ad.,
1967; Bazovic and Eferdic, 1969; Jong, 1969; Dengler, 1959;
Nishimura and Sokable, 1968; Braverman ^ , 1971;
Weinberger, 1971). It appears that the mechanisms involved
in renin release are also operative in governing renin
granules, but, the necessary clarification needed to
bring out these points is lacking in the above studies.
It seemed necessary to isolate renin granules before
these questions might be answered. The earlier studies
of Cook (1968) had demonstrated that this was possible using
the differential centrifugation procedure of Anderson
(1956). His results showed that gentle homogenization
of renal tissue allowed for the collection of intact
granules with retention of the pressor activity in the
heavy mitochondrial fraction. Localization of renin
in the mitochondrial fraction was also found by
Dengler and Reichel (1960). This fraction included
the renin and acid phosphatase rich fraction isolated by
Ogino et (1967) and Nustad and Rubin (1970). These
results indicated further the lysosomal nature of renin,
as supported by the electron microscopic work of Gomba
and Soltesz (1969). The acid pH of renin is also a
feature of lysosomal enzymes (deDuve, 1959). These
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results, however, do not preclude that renin is a
lysosomal enzyme. Chiang et (1968) separated renin
granules from mice salivary glands by a sequential
centrifugation procedure. Their findings and the recent
results of Morimoto ^ (1972) using dog tissue
suggested that renin granules have a higher density than
the other subcellular granules. Thus the possibility of
isolating intact renin granules received further support.
Freezing and thawing of the kidney fraction with the
highest renin activity increased that activity by at
least 6-fold.
Studies of the lysosomal enzyme acid phosphatase
have indicated that renin and lysosomal enzymes are similar
in this respect. However, the two particles differed
significantly in their respective distribution patterns.
In addition, Morimoto et (1972) observed that small a-
mounts of renin are found in fractions other than the
major renin-containing fraction after ultracentrifugation
through dense sucrose. This is in agreement with the
findings of Skelton et (1967) that a subgranule
fraction can be isolated on prolonged centrifugation at
high speed. The results of these two investigations along
with data reported by Barajas and Latta (1963) strongly
support the multiplicity of renin granules. They further
suggest that renin granules might differ in density, size,
and renin content. These factors would obviously be
important in renin release.
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The conclusions drawn from this review are that there
is a correlation between the degree of J. G. granulation
in the kidney and its renin content; that this follows or
parallels the renin in the plasma. The whole question of
renin release raises the question of the importance of
renin granules in this process. Are renin granules pre¬
sent for renin release only on stimulation and where does
the renin granule fit into the scheme of things? According
to current reasoning, renin synthesis and storage occurs as
proposed for the general pattern in other systems. Elec¬
tron microscopic studies correlate quite well with these
observations and ultracentrifugation studies of isolated
renin granules. The molecular mechanisms involved in
renin synthesis and release obviously have their effect
also on renin granules. The study which follows is an
attempt to approach the problem through a broad range of







The following reagents were used in the radioimmuno¬
assay: Radioactive angiotensin I (5-L-isoleucine)
[tyrosyl-^^^I], monoiodinated (specific activity approxi¬
mately 1.3 yCi/mMole); angiotensin I antiserum and aquasol
both obtained from New England Nuclear Corporation,
Worcester, Mass. All stock solutions and reagents in the
assay were prepared in distilled and triple deionized water.
Other chemicals and reagents included sucrose, tris-(hydroxy¬
methyl) amihomethane, diisopropylfluorophosphate, bactricin,
bovine serum albumin, digitonin, triton X-100, sodium
lauryl sulfate and phospholipase-A from Sigma Chemical,
St. Louis, Mo. Radioimmunoassay grade charcoal, 8-hydroxy-
quinolinol sulfate, 2,3 dimercaptopropanol and dextran T-70
were obtained from Schwartz/Mann, New York, N. Y. Hog
renin partially purified and Freund's adjuvant were
received from Nutritional Biochemical Corp., Cleveland, OH.
DEAE-cellulose and Agrose gel (Bio-gel-A-0.5) are products
of Bio-Rad Laboratories, New York. Sephadex G-lOO came
from Pharmacia Fine Chemicals, Piscataway, N. J. Acrylamide,
catalysts, initiators, and stains were purchased from E-C
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Apparatus Corp., St. Petersburg, Fla. Water was deionized
and distilled before use. All other reagents were of
reagent grade quality.
Isolation, suspension and incubation media for granules.
The isolation medium was -.34 M sucrose, usually pre¬
pared in MEM Eagle, Spinner modified. A balance salt
solution might exert a more protective action on the granules
and seem to have had no undesirable effects. In most ex¬
periments, the suspension medium and incubation medium
consisted of 0.45 M sucrose prepared as described above.
Test substances when added were prepared in the same
medium. Sucrose at a concentration of 0.25 M was used to
suspend isolated renal cortical tissue.
Experimental animals.
The experimental animals used in this study were male
rats of the Sprague-Dawley strain which weighed between
200-450 g. All animals were purchased from the Charles
Rivers Breeding Laboratories, Madison, Wis. Experimental
animals were maintained on a regular diet of Purina Rat
Chow and tap water ad libitum. Food was withdrawn 24 hr
before animals were used in an experiment. Except where
noted, from 6-10 animals were used per experiment. Ani¬
mals used for isolating rat angiotensinogen (200-250 g)
were supplied by a local distributor.
Rabbits weighing 3-4 kg were used for the production
of antirenin serum. All animals were supplied by a local
distributor. Animals were maintained on a regular diet
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of Purina Rabbit Chow and tap water libitum.
Methods
Preparation of Primary Subcellular Fractions
Dissection of tissue.
Animals were killed by a blow on the head, decapitated
and bled into cold EDTA treated beakers. The kidneys were
quickly removed and immersed into cold 0.25 M sucrose solu¬
tion. All glassware and instruments were maintained on
cracked ice during this process. Both poles on the kidney
were removed and kidney slices were cut transversely to
include only the cortical tissue from each kidney. Between
3-4 slices were removed from each kidney.
Homogenization.
Specific details of the technique will not be included
here, since they have been published extensively elsewhere
for both renin granule isolation and other systems (Howell
et ^. , 1969; Appelman ^ , 1954, 1955; Dengler and
Reichel, 1959; Morimota e;t , 1972; Shirko and Tappel,
1965). The pooled cortex tissue slices were cut into fine
pieces with a pair of curved scissors, washed and drained
well to remove excess sucrose solution. The tissue was
weighed and then placed in cold 0.45 M sucrose solution be¬
fore homogenization began. In each experiment, between
5-8 g of tissue was used.
The minced tissue was homogenized in 0.45 M buffered
sucrose (1:10, W/V) in a Potter and Elvehjem (1936)
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homogenizer, consisting of a smooth-walled glass tube fitted
with a teflon pestle (Kontes Glass Co., Vineland, N. J.).
Gentle homogenization was performed with a loose-fitting
pestle at low rpm for about 1 min. The debris and whole
tissue parts were allowed to settle and the supernatant
poured off. Fresh homogenization medium was added and this
routine repeated until all of the tissue had been forced
past the pestle and homogenization completed. The tube
was kept immersed in an ice water bath throughout the
homogenization procedure. The removal of the supernatant
after each 60 sec or less of homogenization prevented the
exposure of the granules to the harshness of the homo¬
genization process. The homogenate was filtered through
4 layers of cheese cloth before centrifugation. Further
separation of whole cells, cell debris and tissue fragments
was carried out by passage of the homogenate through a 400
mesh nylon screen and low-speed centrifugation at 127 x g
for 5 min.
Differential centrifugation.
The routine preparation of a partially purified renin
granule fraction was achieved by differential centrifugation
in a Lourdes refrigerated centrifuge. Debris, whole cells
and nuclei not otherwise removed were pelleted by 2 repeated
centrifugations at 600 x g for 10 min. A granule rich frac¬
tion (supernatant) was then obtained by centrifugation at
8,000 X g for 10 min. After several washings in 0.34 M
sucrose, the fraction was finally sedimented as above.
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Where indicated, and when used for analysis of granule
stability, the renin-rich granule sediment (crude granules)
was resuspended in an appropriate volume of 0.45 M sucrose.
Resuspension of the pelleted granules was achieved using a
special wide tip pipette fitted with a rubber suction bulb.
The technique employed here is similar to those used by
de Coniniek et (1965) and Nustand and Rubin (1970) in
their experiments.
Density gradient centrifugation.
Density gradients were prepared by layering sucrose
solutions of increasing molarity above one another 8 h
before use. The various gradients used and the details of
their preparation were essentially the same as described
by Moriraoto ^ (1972) and Cook (1962). Immediately be¬
fore centrifugation 1.0 - 2.0 ml of previously isolated
resuspended crude renin granule fraction was layered over
each gradient tube. The tubes were then centrifuged at
125,000 X g for 60 min in a SW 41.0 rotor of the Beckman
model L5-50 ultracentrifuge. To collect subtractions from
the gradients, the tubes were pierced at the base with a
large needle and 0.5 ml drops collected.
Centrifugation through dense sucrose.
Centrifugation through dense sucrose was tested as a
means for further purification of renin granules. The crude
renin granule fraction twice sedimented at 8,000 g was
suspended in 0.34 M sucrose and layered onto 1.6 M sucrose.
Centrifugation was performed at 125,000 x g as described.
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above. After 90 min the supernatant was discarded and the
pellet resuspended either for repeated sedimentation through
dense sucrose or for direct chemical analysis. This pro¬
cedure was found to be successful for isolating insulin
secretion granules by Coore ^ (1969). In some cases
1.6 M sucrose was carefully layered over a small volume
(1.0 ml) of 2.0 M sucrose thus forming a cushion. Renin
granules were subjected to centrifugation as described
above.
Experimental incubation for determining granule stability.
In each experiment a volume of 0.5 ml of the resuspended
granule fraction was transferred to a polyethylene centrifuge
tube containing 4.5 ml of incubation medium and gently mixed.
At the end of the appropriate time the tubes were immediately
centrifuged at 15,000 g for 15 min at 4 C. The supernatant
from this centrifugation was immediately removed and stored
for renin generation of angiotensin I (AI) at a later time.
Isolation of angiotensinogen.
Adult female Sprague-Dawley rats which weighed 190 -
250 g were used. These rats were nephrectomized 24 h before
being sacrificed by decapitation and bled into cold EDTA-
treated beakers. Pooled plasma from 50 rats was treated
according to Skeggs £t (1964) up to the step of precipi¬
tation with 2.3 M ammonium sulfate. After dialysis for 72 hr
and passage of the solution throughout a Dowex 50 (W x 2)
column (2 x 10 cm) the solution was lyophilized and the
angiotensinogen-containing dry powder was stored at -20 C
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until used. The renin substrate concentration was measured
by incubating an excess oi partially purified hog renin with
a fixed amount of redissolved dry powder. In most cases rat
renin substrate was diluted to yield 2-3000 ng AI per ml
on incubation. This solution was kept frozen at -20 C until
needed. Substrate prepared in this manner was free of
angiotensin activity and endogenous AI.
Antirenin serum.
Antiserum to renin was induced in rabbits using a
partially purified hog renin as the antigen. One unit of
hog renin was mixed with an equal voliime of complete
Freund's adjuvant and the antigen-adjuvant emulsion was
given intramuscularly, subcutaneously and intraperitoneally.
Injections were made using alternate sites of injection for
two consecutive 5-day periods. Each inoculation was in a
volume of 0.5 ml and contained 1 unit of renin.
Blood was collected 7 weeks later after the last in¬
jection and the serum separated. Antirenin activity was
assayed by mixing increased amounts of undiluted serum with
standard hog and rat renin for 6 hr at 4 C. Renin substrate
was added and the amount of renin neutralized was determined
using the radioimmunoassay for AI. One unit of antirenin
was defined as the quantity needed to block the generation
of AI by 1 unit of hog renin. Normal rabbit serum was




Protein was determined by the method of Lowry eib al.
(1951) with bovine serum albumin as a standard. Samples
were read at a wave length of 660 nm using a colorimeter
(klett).
Measurement of renin.
Renin released into solution was determined by incuba¬
ting a small volume of the suspension medium containing
soluble renin with excess homologous renin substrate under
conditions in which the converting enzyme and angiotensinase
activity were abolished. The formation of AI in the course
of incubation was measured by the radioimmunoassay. Plasma
from 24 hr nephrectomized female rats were used as a source
of material for purified renin substrate. Substrate at a
concentration of approximately 3,000 ng/ml was used for
generating each sample.
The generation system for angiotensin I consisted of:
1) renin sample, 0.1 ml; 2) purified renin substrate solu¬
tion with 5 mM Ethylenediaminetetraacetic acid (EDTA),
0.2 ml; 3) Tris-maleate buffer (0.1 M, pH 6.5), 0.7 ml;
4) 8-hydroxyquinolinol sulfate (0.32 M in distilled water),
0.01 ml; 5) diisopropylfluorophosphate (DFP), 0.05 M in
isopropanol, 0.01 ml; 6) bactricin (0.2% solution in
distilled water), 0.01 ml. The total volume was 1.0 ml.
After vortexing for 5 sec the mixture was incubated at
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37 C for 1 hr or 30 min. The reaction was stopped by cooling
in an ice bath and then placing tubes in boiling water for
10 min and recooling. All tubes were centrifuged immediately
to remove coagulated proteins. Renin was expressed as ng of
AI per 0.1 ml or 1.0 ml of solution per time of generation
(see Methods for calculating and expressing of results).
These procedures are essentially those reported by Boucher
et al. (1967) for analysis of tissue renin and Carvalho
et (1975).
Radioimmunoassay.
The radioimmunoassay technique for determining AI used
in this study was generally that described by Haber ^ al.
(1969) and Page et (1969). The assay system consisted
of: 1) generated sample, 0.1 ml or 0.01 ml; 2) Tris-
acetate buffer (0.1 M, pH 7.4), 0.7 ml; 3) labelled
ileu-5-angiotensin I, 0.1 ml (5-6000 counts/min); 4) rabbit
angiotensin I antiserum 0.1 ml. Final volume was 1.0 ml.
Standards (New England Nuclear), 0.1 ml, (Asp-l-ileu 5-angio¬
tensin I) were diluted with assay buffer to give a range of
concentrations from 50 to 500 pg/tube. All samples were
assayed in duplicate. After 18-24 hr incubation at 4 C,
free and bound angiotensin were separated by means of
dextran-coated charcoal in Tris-acetate buffer at pH 7.4.
A total volume of 1.0 ml of charcoal was added to each tube
and the bound angiotensin separated by centrifugation for
20 min at 4 C.
The gamma emissions of the supernatant were counted in
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a liquid scintillation counter (Beckman model LS-230),
using 4.0 ml of aquasol and 7.0 ml scintillation vials.
All assays and generations were done in plastic tubes.
These procedures are the same as those called for in the
protocol using New England Nuclear Antiserum.
Calculation and expression of results.
To calculate the amount of renin released into solution,
renin was expressed as a percentage of the maximal activity
available according to the equation:
Renin as % of _ (Renin released (Correction
maximal activity in solution) - value) ^
(Total maximal activity)
all values are in ng.
The renin released into solution for each experimental
unknown sample was computed as a percentage of the maximal
activity available in the experiment. In each experiment
4 tubes were prepared containing the same amount of renin
granule fraction used in the experimental sample, except that
the granules were resuspended in distilled water and subjected
to freezing and thawing an increased number of times. The
whole solution was retained for assay of its total renin
content. In most experiments 4 tubes were also prepared in
which renin granules were added to the same volume of re¬
suspension medium and immediately centrifuged. The super¬
natant was retained to assay for free renin in solution
alter this treatment. This was necessary since a part of
the soluble renin content of experimental samples probably
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resulted from mechanical damage which occurs during resus¬
pension of the pellet after differential centrifugation.
This value was calculated for each experiment and the results
subtracted as a correlation factor as described above.
Specific activity is expressed as ng of generated
Al/ml/hr/mg of protein. In other cases the product of the
renin-angiotensinogen (substrate) reaction is expressed in
terms of ng/AI/ml/hr equivalent to renin concentration.
Computer program description.
A computer program for the treatment of data from the
renin radioimmunoassay was written. The program was developed
based on data associated with the New England Nuclear radio¬
immunoassay for AI. The program defines the standard curve
and performs the necessary calculations for determining renin
concentration as the concentration of the AI found in incubated
samples. Renin is represented indirectly by the amount of AI
formed on incubation.
Input to the program is through the punch card method.
Each card contains the number of counts/min from the Liquid
Scintillation Counter. The order of the cards in the deck cor¬
responds to the tube sequence and is exactly the same as they
are acted on in the calculation steps.
The program developed on the basis of preliminary studies
calculates the percentage of radioactive bound for each con¬
centration of unlabelled AI. Interpolation is used to define
the standard curve as suggested by the protocol for the
radioimmunoassay. It is assumed that any two adjacent points
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on the standard curve are linear. In addition, the program
calculates the percentage of radioactivity bound for each
unknown concentration of unlabelled AI and fits that data
to an equation using a proportional parts technique. The
percentage bound for unknown samples is compared to the
stored values of the standards. Between points are inter¬
polated using the technique above. Standards of known
concentrations are used to establish the domain of the curve.
Finally, the program was stored and run on an IBM 360
Computer of the Atlanta University Center Computer facilities.
Calculating heat of inactivation.




In TT = -Kht
No
where N = nanograms of AI heated tubes
= nanograms of AI unheated tubes
K„ = heat inactivation rate constant
t = time (56 C)
Statistical analysis of data.
All results are expressed as the means f SE. Statisti¬
cal significance was determined by the student t-test on
unpaired or paired observations when appropriate. Analyses
were performed on an Olivetti P-652 microcomputer, using a




Where indicated, all fractions and samples were frozen
and stored at -20 C until used for generation of AI for the
radioimmunoassay or enzyme estimation.
Isolation of soluble proteins.
To prepare soluble proteins from the renin granule frac¬
tion, the crude renin granule isolated by differential centri¬
fugation was used. Granules isolated in this manner were
resuspended and subjected to density gradient centrifugation
at 125,000 X g for 60 min as described previously. In some
cases the crude homogenate was layered over dense sucrose
(1.6 M) and centrifuged as earlier described. The superna¬
tant was discarded and the pellet resuspended in distilled
water brought to 0.1 M with NaCl after repeated freezing and
thawing 4 times. The suspension was kept at 4 C overnight
and the insoluble material removed by centrifugation at
10,000 X g for 50 min. Under these conditions renin in the
granules is released and remains soluble in a solution made
0.1 M with NaCl. The soluble proteins and renin were stored
frozen until used.
Chemical separation.
A soluble extract was prepared as previously described.
The supernatant was dialyzed against cold distilled water
and incubated at 50 C for 10 min, resulting in a greater
denaturation of inactive proteins. After centrifugation to
clarify the solution, fractionation was begun in the presence
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of 0.1 M sodium acetate buffer, pH 6.5. Increasing concen¬
trations of ammonium sulfate (10,30,50,70 and 100%) was
added with stirring to the soluble extract and held for 1 hr
at 4 C. The precipitate formed after each increment of
ammonium sulfate was collected by centrifugation. Each pre¬
cipitate collected was resuspended in a small volume of
supernatant and dialyzed for 72 hr against 5 changes of
distilled water.
Column chromatography.
For ion-exchange column chromatography, a column
(2 X 30 cm) of DEAE-cellulose (Diethylaminoethyl) was used.
DEAE columns were prepared as described by the manufacturer
and Peterson and Sober (1962). A 3.0 ml sample of soluble
protein from the renin granule fraction equilibrated with
the starting buffer was applied to the previously equili¬
brated column. The starting buffer was Tris-maleate
(0.1 M, pH 6.5) containing 0.5 M NaCl. Collection was
started as soon as the sample was applied. After collecting
the first 10 fractions with starting buffer, the column was
developed with a linear NaCl gradient (0.5 - 1.0 M) using
the technique of Bock and Nansing (1954). The final eluting
buffer was Tris-maleate buffer (0.1 M, pH 6.5) containing
1.0 M NaCl. Approximately 65 fractions of 3.0 ml each were
collected at 4 C. A flow rate of approximately 10.1 ml per
hr was maintained with a hydrostatic head pressure of twice
the column bed volume. Protein in each fraction was
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estimated as previously described.
For gel filtration, two kinds of column packing were
used; sephadex and agrose gel; Sephadex, bead type, G-100.
Fine grade was used in the first study. The sephadex
powders were suspended in distilled water and treated as
described by the manufacturer. Gel filtration was performed
on columns (2 x 150 cm). A 3.0 ml sample of soluble protein
from the purified renin granule fraction was carefully
introduced into the bed surface and collection was started.
Elution was made under a low hydrostatic head pressure with
Tris-maleate buffer (0.1 M, pH 6.5) containing 0.1 M NaCl.
A flow rate of 8.0 ml/hr was maintained. The effluent
was collected in 10.0 ml fractions up to a total of 75
fractions.
Agrose-gel column fractionation of soluble renin was
performed on a 1.0 x 25 cm agrose (100 - 200 mesh A-0.5)
column, 6% agrose. The column was equilibrated at 4 C with
Tris-maleate buffer (0.1 M, pH 5.0) and eluted with the same
buffer. Fractions of 1.0 ml were collected at a flow rate
of 3.0 ml per hr.
Assay of column fractions for renin.
Renin activity was assayed essentially as described in
methods for measuring renin, except that 0.5 ml of each
fraction was used for generation.
EtLgc gel electrophoresis.
Acrylamide gel electrophoresis was carried out in 7%
acrylamide gels, pH 8.9. Protein bonds in gels were stained
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with coomassie brilliant blue. Lipids were demonstrated
with Sudan black B (0.5% in propylene glycol with 4% for¬
maldehyde). Acid groups were stained with acridine orange
(0.05% pH 7.5 with 4% formaldehyde). The system of poly¬
acrylamide gel electrophoresis described by Ornstein (1964)
and Davis (1964) was applied.
Biochemical Properties of Renin
Immunochemical studies.
Immunochemical investigations of the form of granular
renin was carried out using antirenin sera prepared in our
laboratory as previously described. A series of tubes con¬
taining increasing amounts of soluble renin prepared from
granules and partially purified hog renin was combined with
antirenin sera of a constant amount and incubated at 4 C for
6 hr in a refrigerator. At the end of this time renin
substrate and inhibitors were added and all tubes were
incubated further at 37 C for 60 min. The reaction was
stopped by cooling in an ice bath and placing in boiling
water for 10 min. Angiotensin generated from unbound
renin was assayed according to the method described earlier.
Heat inactivation.
To study the effects of heat on the enzymatic charac¬
teristics of soluble renin, tubes containing constant
amounts of renin were mixed with buffer and maintained at
56 C for 2,4,8,12,16 and 20 min. After cooling in an
ice bath, excess renin substrate and inhibitors were added
and all tubes were incubated at 37 C for 60 min. (See
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methods of calculating and expressing results for the
relationships used in analyzing this data). Further
reference is made to Liamb and Doell (1970).
pH optimum of soluble renin.
To determine the pH optimum of soluble renin from two
different sources, a reaction mixture containing a constant
amount of renin and Tris-maleate buffer (0.1 M) at the
appropriate pH were incubated for 1 hr at 37 C. Activity
was measured n,s the ng of AI generated. The reaction was
stopped by cooling and placing tubes in boiling water for
10 min. Results are expressed as a percentage of maximal
activity.
Renin granule stability.
To study the stability of isolated renin granules, the
resuspended granules in 0.45 M sucrose were incubated as
described in the results under the appropriate conditions.
The amount of renin released into solution as soluble renin
was determined. Renin released into solution was determined
by incubating an aliquot of the supernatant solution after
centrifugation with substrate as described in the methods
for generating AI.
Effect of pH on granule stability.
Renin granules resuspended as described above were
incubated in buffered sucrose at the appropriate pH and time.
CHAPTER IV
RESULTS
Effect of Various Treatments Causing
Renin Release From the Crude Granule Fraction
Osmotic activation.
The latency of renin due to its presence within mem¬
brane sac has provided a method for investigating some of
the properties of renin granules. By following the activa¬
tion which occurs when the granules are exposed to certain
experimental conditions information on the nature of the
membrane might be obtained. Considering first the effect
of osmolarity, this treatment has been investigated in
detail in the following four experiments. These types of
experiments do not require purified renin granules, so a
broad range of experimental conditions have been employed.
The renin granule fraction isolated in 0.34 M sucrose
can be resuspended in a sucrose solution of the same or
higher osmolarity without release of renin in appreciable
quantities. If, on the contrary, the sucrose concentration
is decreased, there is considerable liberation of renin
into solution. The magnitude of this release appears to be
due to a concentration difference. This is shown in Fig. 1,
which illustrates the percentage of renin release from the
granule fraction isolated in 0.34 M sucrose and transferred
to decreasing sucrose concentrations for 1 hr at 4 C. As
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Fig. 1. Percentage renin released into solution from
the granule fraction on lowering the sucrose





seen here lowerihg the molarity to 0.25 M results in
releasing at least 50% of the total activity of samples
maintained in the isolation medium (0.34 sucrose). The
release was practically complete at 0.15 M, where more than
90% of the renin is now in solution.
The release of renin from the crude granule fraction
occurs as well if the fraction is isolated and transferred
from isotonic sucrose (0.34 M) to a hyperosmotic solution.
These results indicate that lowering the solute concentration
of the suspension medium gives a liberation of renin whether
the lowering makes the medium hypoosmotic or hyperosmotic.
This is evident from Figs. 2 and 3. The results of the
experiment shown in Fig. 2 indicate that if the granule
fraction is isolated and transferred to sucrose of a stepwise
decreasing molarity, more than 50% release occurs at 0.4 M
and the process is practically complete at a concentration
that is essentially isoosmotic in molarity. The data in
Fig. 3 indicate that the same is true for the renin granule
fraction kept at4Cin0.4-0.1M sucrose. Under these
conditions the concentration of sucrose is the same as the
isolation and resuspension medium. On lowering the molarity
from 0.4 M to 0.1 M, 73% of the renin bound at the 0.4 M
concentration is released at a molarity of (0.1). These
results point up again the importance of the concentration
difference in initiating renin release. The magnitude is not
as great as shown in Figs. 1 and 2, however, the effect of
lowering the molarity is the same.
Fig. 2. Release of renin after resuspending the
granules in sucrose solutions ranging from
hyperosmotic to hypoosmotic. The granules
were isolated in 0.25 M sucrose and trans¬
ferred to sucrose solution of decreasing
molarity for 1 hr at 4 C. Results are
expressed as a percentage of the total
renin in a sample transferred to distilled
H2O and frozen and thawed 4 times.
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SUCROSE CONCENTRATION (M)
Fig. 3, Renin released from the granule fraction on
lowering the sucrose concentration in the sus¬
pension medium. The renin granule fraction
isolated in 0.45 M sucrose was resuspended
in different concentrations of sucrose and
incubated for 1 hr at 4 C. Results are
expressed as percentage of total renin avail¬
able from samples in distilled H2O. ( # )
granules in 0.34 M sucrose; ( Q ) granules in
decreasing sucrose concentration.
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The general shape of an osmotic activation curve is
shown in Fig. 4. Renin release is plotted against the
sucrose concentration. From this graph renin release pro¬
ceeds under conditions of decreasing sucrose concentration.
Each decrease in sucrose concentration (molarity) causes a
graded increase in renin release. It appears from these
results that decreasing osmolarity (osmotic pressure) might
serve to activate renin release from the granules.
Effect of ionic composition of the medium.
In view of the soluble renin activity found in experi¬
ments of varying osmolarity, it might be inferred that the
ionic composition of the incubation medium might also easily
solubilize the renin granule fraction. The results of an
experiment in which media of various ionic compositions were
used to determine the effect of the renin granule fraction
stability are shown in Fig. 5. These findings indicate that
the renin rich fraction was more stable in a medium containing
potassium chloride. The stability was further affected by
the presence of calcium in the medium, a calcium rich medium
stimulated renin release. Stability appears to be only
slightly affected by phosphate and magnesium.
Figure 5 further suggests that sodium chloride stabilized
the renin granule fraction. The effect of different concen¬
trations of sodium chloride and sodium acetate on the granule
fraction stability was examined in another experiment delib¬
erately aimed at determining the Importance of these two ions
to stability. In Fig. 6, an increasing concentration of these
Fig. 4. Osmotic activation curve of the granule frac¬
tion. The isolated granule fraction was
resuspended in sucrose solutions of different
molarities at pH 6.5 for 1 hr. The results
are expressed as a percentage of the maximal
activity achieved by blender treatment and




Fig. 5. Effect of incubation medium prepared with
different ionic compositions on renin re¬
lease. Solutions of 0.34 M sucrose prepared
with different ions were incubated with a
constant amount of the renin granule fraction
at 37 C for 30 min. Composition and concen-
trations (mM) for each medium are shown below.
Ionic Solutions Used
1 2 3 4 5 6
KCl (leOmM) (leOmM) (leOmM) ( 5mM) (220mM)
NaCl (5mM) (5mM) (5mM) (leOmM) (SmM)
NaH2P04 (5mM) (O.SmM) (0.5mM) ( 5mM) (SmM) (SmM)
MgCl2 (0.5mM) (0.5mM) (0.5mM) (O.SmM) (O.SmM)




Fig. 6. Effect of different concentrations of sodium
chloride or sodium acetate on granule
stability. Granules were incubated in solu¬
tions of sodium chloride and sodium acetate
in concentrations ranging from 20-80 mM and
adjusted to 350 mOsm with sucrose. Buffer
substances were omitted. Granules in sucrose
( □ ); sodium acetate ( O ); sodium chloride
( • ).
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two electrolytes produced an apparent increase in the
stability of the granule fraction incubated in their pre¬
sence.
Samples in sodium chloride 80 mM retained 69% of
their renin bound in the granules, while 68% remained
bounded in sodium acetate medium. These findings indicate
that the tonicity of the medium contributed by these ions
rather than the ions themselves are responsible lor the
observed stability.
Influence of pH on the stability of renin granules.
Since it has now been established that the molarity of
sucrose and ionic composition of the incubation medium can
easily affect the stability of the renin granule fraction
the properties of renin particles under the influence of
various hydrogen ion concentrations were examined.
Figure 7 shows the results of incubating the renin
granule fraction in medium in which the pH had been adjusted
by the dropwise addition of 1 N sodium hydroxide or 1 N
hydrochloric acid to the appropriate pH. The renin granule
fraction appears to be more stable in the pH range (5.5 -
7.0), with the greatest stability occurring at approximately
pH (6.0 - 6.5). At a pH of 2.0 and 9.0 maximum degradation
of the granule fraction occurred, with the amount of renin
released under these conditions equal to 100% of the value
of a sample in distilled water.
In our previous experiment shown in Fig. 7, the greatest
release occurred at pH 5.5. In Fig, 8 we see that this
Fig. 7. Influence of pH on renin granule fraction
stability. Portions of the renin granule
fraction were resuspended in buffered
sucrose adjusted to the desired pH.








Fig. 8. Renin released from the granule fraction
resuspended in acetate buffered sucrose
(0.1 M, adjusted to the appropriate pH).
Incubation was from 0-240 min at 4 C.
Activity is expressed as a percentage of
the maximal activity of a similar




process proceeds as a function of time. The granule fraction
suspended in acetate buffer at 7.0 release completely their
renin content after 4 hr, but only to the extent of 52% at
pH 5.0. This relatively small release at pH 5.0 in both
Figs. 7 and 8 is consistent as shown for the granule fraction
stored at various pH (2.0 - 7,0) for 24 hr at 4 C (Fig. 9).
The greatest release under these conditions occurs at pH 7.0
and the most stable pH for 24 hr storage was 5.0. Further¬
more, as demonstrated in Figs. 7 and 8 in which the pH of
the medium was adjusted with hydrochloric acid (Fig. 7)
and acetic acetate (Fig. 8), the release is a function of pH
and not simply dependent on the permeability to anions or
free acids.
The effects of pH are also shown in Fig. 10, where the
renin granule fraction suspended in 0.34 M sucrose, tris
buffer pH 6.0 and 7.0, at 4 C and 37 C are compared. The
stability of the granule fraction is not markedly affected
by Incubating at pH 6.0 or 7.0 at 4 C. When the temperature
of incubation is raised, free renin in solution increases
slightly at both pH 6.0 and 7.0. The 37 C free renin activity
might reflect an increase in renin solubility under these
conditions rather than the stability of the granule fraction.
Influence of temperature.
The effects of temperature on the stability of the renin
granule fraction are summarized in 4 experiments. The results
of incubating the granule fraction at different temperatures
are shown in Fig. 11. The renin granule fraction was more
Fig. 9. Release of renin from the granule fraction
treated for 24 hr at different pH (2.0 - 7.0).
The isolated renin granule fraction was
resuspended in sucrose, adjusted to the
appropriate pH and kept at 4 C for 24 hr.
Renin released into solution is expressed as
a percentage of the maximal activity at pH 9.0.
%RENINRELEASED
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Fig. 10. Effect of temperature and pH on granule
stability. The percentage of renin
sedimented in the pellet (P) and that in
solution (S) was measured after incuba¬
tion of granules for 15 min in sucrose
solutions adjusted to pH 6.0 (A) and























Fig. 11. Percentage of renin released from granules
in 0.34 M sucrose at different temperatures
and time. Incubation was at 37 C ( □ ) ;
27C(0): 4C(#); and 47 C ( A ). The
time of incubation was from 0-60 min as





stable at 4 C than 25 C or 37 C. An examination of the
pellet after incubation indicates that the granules are
remaining more intact at the lower temperatures of 4 C and
25 C than at 37 C. This is corroborated by the evidence of
increased renin in solution for those preparations at high
temperature and the corresponding decrease in renin in the
pellet of those preparations. At 47 C the renin in solution
is nearly double the activity in the pellet. Many of the
granules at this temperature have disintegrated, thus
releasing their soluble renin content.
It is possible to keep the renin granule fraction in
0.25 - 0.34 M sucrose at 4 C and pH 6.0 for several hours
without having a significant percentage of its content
liberated (Figs. 9 and 11). At temperatures above 25 C the
stability of the granule fraction is less, but not as great
as at 37 C. Temperatures above 47 C causes the fraction to
release renin at a high rate as a function of time (Fig. 12).
When a renin granule fraction is suspended in 0.34 M sucrose
and incubated under these conditions, more than 60% of the
total renin is released within 30 min at 47 C. Temperatures
greater than 55 C resulted in a denaturation of the enzyme.
Since previous results indicated that the granule frac¬
tion incubated at 37 C and 47 C progressively release renin
in a soluble form, these experiments were repeated under
conditions in which reversibility of thermal activation might
occur. The technique applied consisted of heating the granule
fraction at high temperature and then rapidly cooling it in
Fig. 12. Effect of duration of incubation and
temperature on the stability of the renin
granule fraction. Incubation times of 20-60
min and temperatures of 4 C and 37 C were
used in this experiment designed to study
the effects of temperature on renin release.
Results are expressed as a percentage of
maximal activity in a sample resuspended in







an ice bath, while following the release of renin into
solution. The evidence from Fig. 13 shows that continued
incubation at the higher temperature produced no further
renin release above a certain level. When the same prepara¬
tion is cooled rapidly the amount of renin in solution remains
the same for the duration of the incubation. These findings
confirm the irreversibility of thermal activation at high
temperatures.
Figure 14 represents data from another study of the
effects of temperature on the stability of the renin granule
fraction. In this particular experiment the duration of
incubation (time) and temperature have been coupled to deter¬
mine the combined effects of these two parameters on renin
release. On the average 40% of the total available renin is
released at 4 C for (20 - 60) min of incubation as compared
to the fraction incubated at 37 C for up to 60 min, which
released more than 70% of the total available renin into
solution. The increased renin in solution at 37 C represents
a gradual increase for the time periods chosen here.
Effect of specific agents on renin release.
In findings reported earlier experimental evidence has
been offered to support the idea that renin granules have
a membrane that renders the enzyme insoluble unless disrupted
by treatments which destroy the integrity of the membrane.
By reason of analogy it would be expected that agents which
affect biological membranes would also contribute toward
renin release by disrupting the structure of the membrane.
Fig. 13. Irreversibility of thermal activation of
the renin granule fraction. Duplicate
samples of granules were preincubated at
47 C in 0.34 M sucrose. At the time
indicated by the arrow, one sample of gra¬
nules was transferred to an ice bath and
incubation at 4 C was continued for an
additional 30 min. ( O) incubation at
37 C; ( # ) incubation at 4 C after pre¬
incubation at 37 C; ( A ) incubation at





Fig. 14. Effect of duration of incubation on the
stability of the renin granule fraction.
The isolated renin granule fraction was
resuspended and incubated at different
temperatures for 30 min. The results show
the renin in solution (S) and renin
sedimented (P) with the pellet after 30 min
at various temperatures. Results are
expressed as the renin of the combined
pellet and solution values.
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Fig. 15. Percentage of renin released from the renin
granule fraction at different concentrations
of phospholipase A. The washed renin granule
fraction was resuspended in 2.5 ml of 0.35 M
sucrose containing the appropriate amount of
enzyme and incubated for 30 min at 30 C.
Renin release is expressed as a percentage
of maximal activity of granules resuspended
in distilled water and frozen several times.
Granules suspended with ( o) phospholipase A




Fig. 16. Renin released into solution from the
granule fraction resuspended in sodium
dodecyl sulfate (SDS). The concentration
of SDS in the resuspension medium is
indicated on the abscissa in Fig. A, using
a constant amount of granules. A de¬
creasing volume of granules in a constant
amount of SDS (4 x 10“^ M) is indicated in
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This reasoning was confirmed in the following experiments.
Phospholipase A at increasing concentrations was used
to investigate the effect of this agent on the isolated
renin granule fraction. Figure 15 shows the results of
incubating a constant amount of the granule fraction with
increasing concentrations of phospholipase A ranging from
0.5 - 10.0 ug/ml. As shown here 0.5 yg of this preparation
was sufficient to give more than a 90% release of total
renin available. There was an insignificant amount of
release, comparatively speaking, in controls incubated with¬
out phospholipase A.
In Fig. 16A the detergent sodium dodecyl sulfate (SDS)
produced a 40% release at a concentration of 4 x 10“4 m,
while a 60% release was recorded for a concentration of
16 X 10“4 M. The release was not directly dependent on the
actual detergent concentration, but also on the relationship
between the amount of the granule fraction used and detergent
concentration. This is evident from Figs. 16A and B which
shows that the release from a constant amount of granules
becomes greater at Increased SDS concentrations. However,
the same effect is observed if the amount of the granule
fraction used is decreased and the concentration of SDS is
held constant (Fig. 16B).
An experiment using digitonin to determine its effect
on the renin granule fraction was examined in a manner simi¬
lar to the studies indicated in Figs. 16A and 16B. Again,
as with the detergent SDS, the release of renin was dependent
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on the amount of the renin granule fraction relative to the
concentration of digitonin. The release after 1 hr in
concentrations ranging from 1-8 x 10““^ M was 20% to 68% of
the total activity, respectively (Fig. 17A). The effect
observed in Fig. 17B where digitonin was used was the same
as that observed in Fig. 16B where SDS was used.
Characterization of Renin
The results reported in Figs. 1-17 support the concept
that the enzyme renin is held within and is associated with
granules that can be isolated by differential centrifugation.
Furthermore, constraint from release is obviously provided
by the granule membrane which acts as a barrier. Therefore,
rupture of the renin granule membrane within this context
should result in the release of the internal enzyme in a
soluble form. With these observations in mind we have under¬
taken to examine the protein composition of the purified
renin granule fraction in some detail.
The results of Figs. 2 and 5 indicate that renin is
easily released from the granule fraction after a brief
treatment with solutions of moderate ionic strength. Once
renin is released it obviously behaves as a distinct soluble
protein. A soluble extract was prepared by treating a
purified granule fraction as described in the methods. The
resulting extract was fractionated by ammonium sulfate and
the precipitates collected and analyzed for renin and
protein. The specific activities of each fraction are
summarized graphically in Fig. 18A and 18B. Collecting the
Fig. 17. Release of renin into solution from the
granule fraction treated with digitonin.
The granule fraction was treated in a
manner similar to Fig. 16A and B with
SDS, except the volume of the renin
granule fraction used was different.
RENINREL ASED%RENIELEASED
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Fig. 18. Ammonium sulfate fractionation of soluble
proteins from a purified renin granule
fraction. Fig. A shows the specific ac¬
tivities of fractional precipitates at
increasing ammonium sulfate concentrations.
Fig. B indicates the percentage yield of





























precipitates between 10% and 50% ammonium sulfate saturation
(Fig. 18A), indicated that 87% of the total available renin
in soluble form was isolated (Fig. 18B). We don't have
quantitative data on the fold of purification, yet indications
are that it is reasonably high compared to a whole kidney
homogenate. The denaturation process employed prior to salt
fractionation resulted in removing many inactive proteins
before this process.
Effect of antirenin serum.
The ability of antirenin serum to neutralize the enzymat¬
ic activity of extracted granular renin is shown in Fig. 19.
It should be noted that the addition of antirenin serum
reduced the ^ vitro generation of angiotensin I as compared
to samples incubated without antirenin. A volume of 100 yl
of undiluted antirenin serum was effective in neutralizing
the activity of up to 15 ng of renin as angiotensin I.
Heat inactivation.
Plasma renin and the renin containing supernatant from
solubilized renin granules were subjected to heating at 55 C
for varying periods of time (Fig, 20). A striking difference
in the behavior was found between plasma and granular renin
after heating. Plasma renin activity actually increased
after treatment at this temperature for 20 min, while 70% of
the renin activity of the soluble preparation from the renin
granule fraction was inhibited. The plasma renin preparation
showed an initial inactivation similar to granular renin for
Fig. 19. Effect of rabbit antirenin serum on the
generation of AI by granular renin. This
in vitro test was performed by mixing graded
amounts of soluble renin with constant
amounts of antirenin serum. The enzyme
preparation was allowed to stand in the
presence of antiserum for 24 hr at 4 C and
then incubated with renin substrate at 37 C.
The ordinate indicates the activity (measured
AI) remaining after the 4 C incubation.
Incubation without antirenin sera ( # ) and






Fig. 20. Heat inactivation of renin at 55 C. Renin
from granules ( • ), and plasma renin
activity ( O ) were prepared as described.
Incubation was at 55 C for 2, 4, 8, 12, 16,
and 20 min prior to assay using renin sub¬
strate. Activity is expressed as percent



























the first 10 min. Thereafter, activation rather than
deactivation occurred.
pH optimum.
Both plasma renin and soluble renin from a purified
granule fraction showed identical activity profiles in the
pH ranges of 4.0 - 9.0 (Fig. 21). Although the forms of
the two profiles varied somewhat between the two preparations
they were essentially identical and probably the same.
Column chromatography.
The results of DEAE cellulose column chromatography of
soluble protein from a solubilized granule fraction are shown
in Fig. 22. In this study a soluble extract was chromatographed
and fractions examined for renin activity. This chromatographic
technique separated only one form of renin from the soluble
granule extract. The elution profile indicates 1 major peak
of activity resolved between fractions 20 and 30. The small
contour of the initial fractions of the major peak might be
interpreted to indicate a second renin activity not revealed
by the column.
Gel filtration on Sephadex G-lOO of soluble proteins
from a purified granule fraction was carried out on a column
(0.5 X 28 cm). The crude portion of the solubilized granule
fraction was submitted to dialysis prior to filtration with
the starting buffer to dissociate any renin protein complexes.
This procedure yields only one peak of renin activity (Fig. 23).
The major component began to emerge early after the first 15
Fig. 21. The pH optima for plasma and granular renin.
Solutions were prepared as previously
described and incubated in the presence of
renin substrate at the pH indicated on the
abscissa. Plasma renin ( # ) and granule
renin ( O ) were incubated for 1 hr at 37 C.
Samples were preincubated at 4 C with buf¬
fered generation medium at the appropriate
pH for 15 min before adding the renin sub¬






Fig. 22. Renin elution profile from a DEAE cellulose
column. Buffer: 0.1 M tris-maleate, pH 6.5
Overall gradient: 0.5 M NaCl - 1.0 M NaCl.
Renin is expressed as ng AI/ml/hr. A sample
volume of 3.0 ml of soluble protein from the
purified renin granule fraction was applied.
All operations were at 4 C. ( • ) renin and




ProteinDist ibu ion 0>D.660nm
Fig. 23. Separation of the major renin component of
a purified renin particulate fraction by
Sephadex G-lOO gel filtration. Collection
was made after the addition of the sample
using 0.1 M tris-maleate buffer, pH 6.0,
containing 0.1 M NaCl. Fractions of 1.0 ml
volume were collected. A sample volume of
1.5 ml was applied. Renin is expressed as
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Fig. 24. Column chromatography of lyophilized protein
from the purified renin granule fraction.
The protein was redissolved in 0.1 M tris-
maleate buffer (pH 5.0). The column was
eluted with the same buffer. The contents
of the tubes were assayed for renin activity





fractions were collected. Renin was evidently separated
into only one major fraction and this occurred early after
application of the sample. This further indicates a small
molecular weight for the renin protein.
Using agrose gel filtration (Bio-gel A-1.5M), the ma¬
trix protein from a solubilized and purified renin granule
fraction was chromatographed as shown in Fig. 24. The solu¬
ble protein was dialyzed against 0.1 N formic acid (pH 4.5)
and then separated on an agrose column (1.5 x 25 cm) equili¬
brated with an elution buffer of pH 5.0. The soluble pro¬
teins corresponding to the core or matrix components of the
granules emerged as a single enzymatic peak of renin activity.
The elution profile here reveals the same single enzymatic
activity as seen in Fig. 23. The important difference be¬
tween the two techniques is found in the treatment of the
sample before application to the column. The existence of




A considerable part of the renin in rat kidneys is
bound in cytoplasmic granules which are recovered mainly in
the large granule fraction (mitochondria). Recent results
indicate that these granules form a separate group, entirely
distinct from the mitochondria and microsome fraction.
Electron microscopic studies bearing on these granules have
led us and others to the conclusion that renin is retained
within these granules by a smooth membrane barrier. Informa¬
tion about the biochemical characteristics of these granules
can therefore contribute toward our understanding of renin
release. In this study a systematic analysis of the granule
fraction stability under various experimental conditions
in vitro has been made. This investigation was prompted
largely by similarities noted between the way renin is stored
and B-glucuronidase (Walker, 1952), acid phosphatase (Berthet
and deDuve, 1951; Appleman and deDuve, 1955), and insulin
(Coore ^ , 1969). These results are even more striking
when we consider that nearly identical techniques, except
for biological material, were used in all three of these
studies.
Cell fractions that were rich in renin were first ob¬
tained by Cook (1968) using the technique of differential
centrifugation on a rat kidney homogenate. Matsunago ^ al.
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(1968) obtained similar results with a dog kidney homogenate.
A higher purification of the granule fraction was obtained
by latter workers using sucrose density gradient centrifuga¬
tion, In this study we have used both techniques. The more
convenient differential centrifugation procedure was used
mainly for the large number of experiments performed to de¬
termine renin granule stability, whereas, the density gra¬
dient technique was limited largely to studies of the matrix
protein content of the granule fraction.
Even though our ultimate goal was to explain renin re¬
lease via the granules, the mobilization of stored renin and
its eventual secretion were not elucidated from these findings.
However, the properties of the membrane forming the granules
in all probability are relevant to renin release. We believe
the observations reported here reflect those properties.
Therefore, we wish to emphasize the properties of the granules
as reflective of the properties of the renin granules during
renin release in the hypertensive state in which the renin
angiotensin mechanism is operative.
In examining the data on a quantitative basis we observed
an occasional discrepancy in some of our results. The signif¬
icance of these irregularities is doubtful in view of the
large number of possible sources or errors that exist in
experiments of this type. The irregularities that might
occur may be accounted for on the basis of the difficulties
in isolation and treatment of homogenates from day to day and
measuring renin with the radioimmunoassay. These difficulties
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are stressed since they are the same errors experienced by
other investigators with similar systems. It seems justifiable,
however, to attach more weight to the likeness of these
results to other workers' findings, rather than the state of
the art of isolation. We felt obligated to mention these
points in view of the importance that these incidences might
have on the final interpretation of the results reported.
Returning to the actual interpretation of these results,
the experiments described in the section on osmotic activa¬
tion show that renin is released from the granules when the
concentration of solute (sucrose) in the suspension medium
is lowered. This observed release is dependent on the con¬
centration difference between the media that the granules
are isolated in and the resuspension media. It is assumed
that this type of release is an osmotic phenomenon, however,
the results presented here are only indirect evidence lor
this assumption. Several factors are thought to be at work
here. When the granules are transferred from a high sucrose
concentration (hyperosmolar) to a decreasing concentration
(hypoosolar), renin release in soluble form could probably
be due to the differences in the rate of diffusion of water
and sucrose through the membrane. The granules under these
conditions equilibrate their internal sucrose concentration
with that of the medium. Here again, the granules in su¬
crose of decreasing molarity and the influx of water before
equilibrium occurs result in the rupture of the granules. In
all probability water is entering the granules faster than
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sucrose can leave. It is obvious that in order for sucrose
as an inert substance to offer osmotic protection it must
not be able to enter the granules. If it did, then so would
water and again this would produce swelling. The rate at
which this occurs would in any case depend on the diffusion
of solute.
Attention is called to the shape of the osmotic acti¬
vation curve; the release of renin occurs as a gradual pro¬
cess extending over the entire range of osmolarities below
isotonic. The modest protection afforded the granules in
0.2 M - 0.4 M sucrose is obviously due to the inability of
sucrose to penetrate the membrane in appreciable quantities.
However, the fact that it occurs gradually rather than
abruptly suggests that not all renin granules have the same
osmotic resistance. Variable osmotic resistance could be
explained as a lack of osmotic space within some granules.
This could be the case for some granules in which the entire
internal matrix is composed of protein molecules with little
space between them. Skelton ^ (1967) and Barajus and
Lotta (1963) in their electron micrographs described two
different kinds of granules. One kind of granule was inter¬
preted to consist of tightly packed homogeneous subunits and
the other kind of a homogeneous, less dense, flocculent
matrix. The latter type probably represents an early stage
in the formation of the granules that are not yet completely
filled with renin. The present findings interpreted with
the ultrastructural studies reported above corroborate this
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opinion. If the above mentioned interpretations of our
results are valid, then renin granules are surrounded by a
membrane impermeable to renin within the granules.
The results of the effect of pH and temperature are
difficult to ascribe to any single interpreation. Ex¬
periments concerning pH indicate that stability would best
be achieved at pH values between 6.0 and 7.0. We don't
know the intracellular environmental pH surrounding the gra¬
nules and it would be premature to suggest that the value
approaches our results. The experiments described
here which show the effects of temperature give support to
two important views. One view holds that the membrane has
a critical temperature at which it ruptures and, thereby,
releases its contents. The other view is that the higher
temperatures increase renin solubility. Our data, we contend,
are in agreement with the first interpretation. The great
increase in renin release at 47 C versus 25 C and 4 C reflects
a destruction of the granule membrane. This is particularly
true in view of the negative temperature characteristics of
renin as indicated by a decrease in renin solubility with
increasing temperatures (Hass et , 1953). At the higher
incubation temperatures here the increase in activity in
these experiments would not be due to increasing renin solu¬
bility. Temperature and time were combined to determine the
effect of these two parameters together. The previous studies
gave similar if not identical results with respect to the
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effects of temperature on the granule fraction. However,
the effects of temperature as a function of time reflect
more clearly the properties which determine what is usually
termed membrane resistance. The susceptibility of the renin
granule fraction to activation by high temperatures as a
function of time must be dependent to a certain extent on
the inherent characteristics of the granules. These experi¬
ments show a great number of similarities to experiments
conducted by other workers and essentially demonstrate the
same results (Berthet ^ , 1951; Appleman and deDuve, 1955).
Once renin granule activation (release) occurs it is essentially
an irreversible process thought to be an autocatalytic change
occurring in the membrane (Berthet et , 1951). Both of our
temperature and pH results are apparently consistent with
this hypothesis. However, these observations are difficult
to ascribe to any single interpretation. The high tempera¬
ture and low pH effects simply may be causing random denatura-
tion of the membrane components. The evidence reported here
does not refute or support either view.
In studies involving the ionic composition of the
incubation media, the results indicate that the renin granule
fraction might well be stable in a salt solution made isotonic
with respect to concentration. A medium containing potassium,
phosphate, sodium and magnesium might be preferable. Why
these ions might contribute toward stability remains unclear,
we suspect the increase in tonicity from their presence could
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be responsible. Further studies of these observations would
be in order before significant conclusions are drawn. We
believe it is also essential to ask if organic ions are nec¬
essary for membrane stability. Often when we think of the
molecular organization of the membrane, we think in terms of
the interaction of proteins and lipids without attention to
the role of bound or unbound ions in the structure and
stability of the membrane. There is an increasing body of
data which now suggests that inorganic ions, particularly
cations, are important structural components of the membrane.
Burger et (1968) demonstrated that the instability of
erythrocytes membrane was a result of lowered divalent
cations concentrations. Reynolds (1969) has further shown
that the proteins in red cell ghosts were soluble in media
with EDTA to chelate inorganic ions. Thus, it is important
that we continue to determine the importance of inorganic ions
to the structural integrity of granules. Particularly, un¬
der conditions of renin release, we can imagine conditions
where the efflux of these ions might contribute toward renin
granule membrane instability at the surface of the cell mem¬
brane and subsequently contribute to the dissolution of the
granule membrane when it empties its contents into the blood.
We have conducted experiments relative to the effect of
different kinds and different concentrations of inorganic
cations on granule stability. We have no idea as to what
effects depletion of these ions will have on membrane
resistance.
84
As could be expected, agents that affect biological
membranes, phospholipase A, digitonin and the detergent
sodium dodecyl sulfate (SDS) are all effective in releasing
renin. The action of phospholipase is more complete. This
enzyme readily results in the granules releasing more than
90% of the total maximal renin available during a 30 min
incubation. Its effects obviously indicate that phospholip¬
ids are essential for the structural integrity of the renin
granule membrane. Detergents are known to have a destructive
influence on membranes and are used extensively in solubilizing
these structures. In a similar fashion the detergent SDS
demonstrates a destructive influence on renin granule membranes.
These results indicate that with the concentrations used a
graded release of renin occurred. This release was observed
to be not only a function of SDS concentration, but also a
function of the ratio of SDS concentration to the amount of
granule used. More renin was released when a lower concentra¬
tion of detergent and smaller amount of the granule were used
than the opposite. If our understanding of the effects of
denaturing detergents is correct, more denaturation of the
proteins occurs at low detergent concentrations and low
protein concentrations than at high concentrations of both.
This interpretation is based on the findings of Hillarp and
Hokfelt (1955) and Anson (1939). The liberation of renin
from granules under the influence of digitonin demonstrates
the same profile as SDS.
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Digitonin as reported by Hillarp and Hokfelt (1955)
produces its effect through the formation of a complex with
cholesterol in the membrane. We don't know to what extent
renin granules are composed of phospholipids and cholesterol
as demonstrated in these results. The above mentioned
workers have examined this more closely in isolated adrenal¬
ine granules, which served as a model for these studies.
We are satisfied as to their presence based on our observa¬
tions and theirs. Not to discount the importance of these
substances to renin release and the structure of the granule
membrane, the results presented here will not allow us to
interpret their influence beyond their known and expected
disorganization and destruction of biological membranes.
When the activation of renin release by phospholipase A is
compared to that of lysosomal acid phosphatase and adrenalin
granules, little difference between our results and the
influence of this treatment on these structures is observed.
However, we did note a clear dissociation of our findings
and those of Howell ^ (1969) who studied insulin
granules under the influence of lecithinase C. This
preparation had no effect on these structures. It is in¬
teresting to note at this point that Baudhuin (1969) observed
a difference between peroxisomes and lysosomes upon exposure
to digitonin. It is possible to obtain a complete release of
acid phosphatase (lysosomal) after exposure to digitonin con¬
centrations which have no influence on catalase (peroxisome).
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Mitochondria treated in a similar manner require higher
concentrations of digitonin than needed to release catalase.
If we are allowed to interpret these findings as the
evidence indicates then lysosomal-type particles contain
phospholipids and cholesterol as a structural part of
the membrane. To what extent this conclusion is correct
will depend on the presence or absence of these substances
in membrane preparations from purified renin granules.
The major premise of this work has dealt with the renin-
containing granules as a membrane bound subcellular entity
with characteristics of its own. Our attention is now
directed toward the composition of the granules, specifi¬
cally, the nature of renin within the storage granule. By
reason of analogy, if the crystalloids seen in electron
micrographs of granules are composed of one protein (renin),
then the volume available for other proteins is greatly
reduced. We were very encouraged by the relatively high
specific activity of the enzyme in the course of repeated
experimentation. With these ideas in mind we have undertaken
to examine the nature of renin from a purified granule
fraction. In addition, it is important to determine whether
or not substances which might initiate renin release might
not be a part of the renin granule matrix. It was evident
from previous results that renin granules were easily dis¬
rupted and solubilization of the fraction and its enzymatic
content by contrast was a mild method for gaining access to
the internal contents of the granules. It occurred to us
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that isolating the granule fraction and subsequently purify¬
ing that fraction offered an excellent opportunity to affect
renin separation and purification. This leads us toward
finding methods for separating renin from the various other
solubilized proteins.
Since we were interested in the nature of the stored
renin many of the standard procedures were avoided. These
procedures have been shown to affect renin stability and
produce several different forms of the enzyme. The proce¬
dures outlined in the methods offered essentially a 2-step
process and could provide a useful starting point for renin
purification. This was especially true if we used heating
to 50 C prior to fractionation to denature unwanted inactive
proteins isolated along with renin. Furthermore, we have a-
voided the more drastic procedures of acid inactivation and
acetone precipitation. The results support our contention
that a significant purification can result if a purified
granule fraction is first isolated and solubilized prior to
purification procedures. This becomes especially important
if we agree that in a whole kidney homogenate renin repre¬
sents an insignificant amount of protein (1 molecule in
18,000). A similar conclusion based on evidence from an
isolated and solubilized lysosome fraction was confirmed by
Matsunago e;t (1968) and purification studies by Hass
et al. (1953). A parallel study by Gianetto and DeDuve
(1954) using lysosomal acid phosphatase drew a similar con-
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elusion. From these observations it would seem that the
procedure employed here might be less involved and yield
quicker results than the usual 10 step procedure employed
for whole kidney homogenates. The same interpretation
applies for the newer affinity column chromatographic
technique to purify renin.
It is possible that renin in the granules exists as
a zymogen or prorenin which is then split to give the ac¬
tive enzyme in the plasma (Leckie, 1972). We attempted to
examine this possibility as well as answer other questions
using an immunochemical attack. We were successful in
producing an antiserum in rabbits to a partially purified
hog renin (purified 1200-fold). Using an iji vitro incubation
system our antiserum completely blocked the generation of
angiotensin I using renin from the granules. Although at¬
tempts to produce an antiserum were successful, this anti¬
serum was not purified. There are possible contaminating
antibodies to other proteins found in the impure antigen
used for immunization. However, the antiserum still retained
its ability to neutralize the enzymatic activity of renin.
We have interpreted these findings to indicate that no
species specifically exists between rat renin and hog
renin. Furthermore, if our interpretation is correct, rat,
hog and mammalian sources in general share common antigenic
determinants and are similar if not identical. Hass e^ al.
(1965) employing a modified Frankel-Conrat procedure
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produced antibodies to acetylated human renin which did not
cross-react with renin from pig, dog, rabbit, cow or sheep.
These results cast some doubt on our interpretation. Hence
until additional information becomes available, we will
naturally exercise some caution in widening this interpre¬
tation. It is interesting to note that if highly purified
renin becomes available through these procedures then anti¬
bodies might be produced with enough specificity to elucidate
renin synthesis and to be utilized in the development of
an immunoassay to renin directly. Plans for such a study
are in progress. We still don't know the nature of the in¬
activation in our studies. Hass ^ (1975) in their kinet¬
ic studies indicate that the reaction could be expressed
in terms of the Michaelis-Menten equation for a dissociating
complex and an irreversible inactivation due to conforma¬
tional changes in the molecule. Further evidence indicates
that inactivation might be due to a blockage of the enzymes'
catalytic sites. Our data do not explain either of these
observations.
The biochemical properties of renin from the granules
and partially purified plasma renin are similar. No signif¬
icant differences between the two were noted. Heat
stability studies first performed by Helmer and Page (1939)
demonstrated that renin was a remarkably resistant enzyme.
When kidney extracts (hog) were heated to 50 - 55 C lor 15
min, little loss in renin activity occurred. Above 56 C
extracts were less resistant and showed a rapid loss of
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activity. This report is consistent with these findings.
Plasma renin, only partially purified in these studies, is
more heat stable, while physically solubilized renin from
the granules loses up to 70% of its activity under these
conditions. It is likely that the heat stability and
activation of the plasma renin are conferred by the associa¬
tion of the enzyme with plasma proteins. The difference in
heat stability between plasma and granule renin sources
might be coupled to the fact that the latter is a cleaner
preparation. The plasma source has protection from heat
denaturation conferred by the association of the enzyme with
plasma proteins. We refuse to accept the observed inactiva¬
tion of one source and activation of the other as an artifact
of the technique employed. With one exception, endogenous
renin substrate in the plasma source could be contributing
toward the activation observed here. This is unlikely, since
the plasma source was partially purified before use.
Hass ^ (1963) have also shown that renin treated
with reducing substances is very sensitive to the effects of
temperature. A 70% loss is experienced if heated to 50 C
for 30 min. It was concluded based on this finding that re¬
duction of the S-S bridges in the native molecule causes
unfolding of the enzyme and an increasing tendency to dena¬
turation. The lack of associated proteins might contribute
toward a similar change in renin from the granules making it
more sensitive to heat inactivation. It has also been shown
that highly purified renin in dilute solution denatures
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easily. The basis for this instability is not known;
however, it is thought to involve an unfolding of the mole¬
cule. Heat might also contribute toward this unfolding.
No differences in the pH optima between the soluble
renin from granules and plasma renin were detected. However,
the nature of the pH optima curve did vary somewhat for the
two preparations. This behavior is consistent with earlier
reports by other workers (Menard and Catt, 1972) on the pH
optima for rat renin. These findings indicated that plasma
renin from rats generate maximal angiotensin I at pH 6.0 to
6.5 and might reflect this occurrence. We don't know to
what extent our pH or that of the above investigators remained
constant during the assay. Sealey and Laragh (1975.) have
recommended that the pH during incubation be monitored, since
at pH 6.0 and above the pH of the incubation medium at 37 C
can rise dramatically resulting in the rate of generation
being variable with respect to the level of measurable
Angiotensin I.
More recently, several groups have been working to
isolate renin in a pure form. None of these groups ob¬
served more than 1 form of renin under the methods employed.
However, on acidification or dialysis at pH 5.0, four or
more forms of the enzyme began to appear, all with different
chromatographic profiles from the starting material. Whether
renin occurs in the native form stored in the granules as
such or is an artifact of the isolation technique has
recently become a matter of concern. These conflicting
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observations are valid if we agree that renin actually
exists in several distinctive species. We have attempted
to compare the renin isolated from a purified granule
fraction with these findings. The more drastic steps of
acidification, salt fractionation and acetone precipitation
have been eliminated in favor of the more gentle method of
lysing the granules, solubilizing the renin and heat treat¬
ment to remove inactive proteins. We have virtually elimin¬
ated those steps that will alter the enzyme, thereby allowing
for the possible loss or creation of some renin forms. DEAE
chromatographic profiles of soluble renin extracted from
granules indicate one major form of renin. Similar studies
of lysosomal renin by Matsunaga et (1968) supports
our data. We did not see the two major and two minor
forms as shown by Boyd (1972) for human renin. The observa¬
tions reported here are good evidence that only one renin,
as a homogenous species exists in the matrix of the granules.
Consequently, the different species noted in whole kidney
extracts reported by other workers are attributed to the
treatment during isolation (Skeggs e;t aJ. , 1967; Peart ^ al.
1966). It is likely that renin in ghe granules exist as a
single component. The several components reported by others
are artificial as suggested by the latter two groups. We
have been encouraged by our findings to purify renin from
a purified granule fraction using the technique of affinity
column chromatography. The combined efforts of these two
aids should generate a purified preparation for further study
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The existence of multiple molecular forms might be due
to a variety of reasons: folding or unfolding; dissociation
as well as aggregation, and the synthesis of enzymatic
altered forms. It was decided to select a chromatographic
process that would allow the identification of such forms.
Molecular filtration was the obvious choice because of its
characteristic gentleness, biological inertness and main¬
tenance of constant pH and ionic strength. Sephadex G 100
filtration was carried out on a soluble extract and after
careful scrutiny only one peak of activity was observed.
Hass ^ (1953) described the conversion of isolated
renin into three forms, recognized by their ultraviolet
absorption spectra. This conversion occurred while allowing
-renin to stand at low pH and temperature. Since this con¬
version occurred also at below pH 5.0 while dialyzing renin,
it occurred to us that it might be possible to separate
these altered activities by applying them to an agrose gel
column after dialysis and eluting at pH 5.0. If molecular
variants were formed during this process, they were not
separated on fractionation, at least under the conditions of
molecular filtration described here.
Our picture of the biochemical characteristics of renin
might be wrong. There could be other explanations for our
observations, but it appears that if more than one form of
renin was present in the matrix of the granules there would
have been some variation in the biochemical and chromatogra¬
phic profiles reported in these findings. Obviously, we
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have only partially characterized the nature of renin in the
granules and must await more complete information. However,
we are willing by open conjecture and a limited amount of
experimental data to conclude that renin exists essentially
in one molecular form in the granules.
In discussing the results obtained it was concluded
that the data support and reflect the dissolution of renin
granules vivo under conditions of renin release. The
dissolution of the granules from the juxtaglomerular complex
might be explained by the tonicity, pH and ionic composition
of the blood. However, we cannot exclude the possibility
that the immediate intracellular surroundings of the granules
might not demonstrate these characters as well. • In this con¬
text, the data obtained from our studies of osmolarity, pH
and temperature lend support to this assumption concerning
the dissolution of granules in renin release.
Furthermore, the existence of renin in a high concen¬
tration in the granules and the ease with which it can be
solubilized suggest that renin is stored in a soluble form.
If not as a soluble form, at least it is in an easily
dissociable complex. We concluded from additional biochemi¬
cal data that renin in the granules is indeed a single
distinct form. The properties of this renin are identical
to the properties of renin from the plasma. We are currently
trying to purify enough of the enzyme from these studies to
investigate the nature of the protein renin by other
biochemical characterizations.
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The directions of this work are valuable not so much in
terms of the information gained, but in its potential contri¬
bution to the nature of renin release in disease.
CHAPTER VI
SUMMARY
The ability to isolate an intact granule fraction
provided a method for examining some of the properties of
the granules exposed to various treatments. We, therefore,
believe that the results presented here might reflect the
dissolution of renin granules iji vivo under conditions of
renin release.
Osmotic Activation
1. Osmotic activation was studied as a function of
the sucrose concentration (osmolarity) of the resuspension
medium. Lysing of the granules occurred over the entire
range below isosmotic. This indicates a great variability
in granule resistance. It was assumed that this type of
release was an osmotic phenomenon.
Effect of pH and Temperature
2. At a pH below (4.0) and above (8.0) renin release
increases quantitatively, with complete liberation of renin
under these conditions. The granules appear to be more
stable in the pH range of (6.0 - 7.0). This is additional
evidence of the proteolytic nature of renin.
3. Incubating granules at high temperature causes renin
release to proceed almost identically to the conditions of
low ahd high pH. The granules were more stable at 4 C than
at the higher temperatures. Thermal activation has been




4. It seems important to pay attention to the concen¬
tration of ions and their fluctuation on renin release in
vivo. In this context attention is drawn to the observed
solubilizing and stabilizing effects of certain ions. A
medium containing potassium, phosphates, sodium and magne¬
sium appears to be preferable.
Effects of Various Agents on Renin Release
5. As could be expected, phospholipase A, sodium
dodecyl sulfate (SDS) and digitonin are effective in releasing
renin from the granules. In the case of SDS and digitonin the
amount of release is dependent on the granule to detergent
ratio. The first and last agents produce their effect through
the formation of complexes with lipids and cholesterols in
the granule membrane.
Biochemical Studies
6. Once renin is released into solution from a granule
fraction, it can easily be separated by ammonium sulfate
fractionation. A partial purification of renin is considered
to have occurred.
7. Evidence supports the concept that the neutralization
of enzymatic activity of renin by immune serum is the result
of an antigen-antibody reaction. It is further suggested that
rat and hog renin share common antigenic determinants and are
similar if not identical.
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8. Heat stability studies indicate that plasma renin
is heat stable at 55 C for 20 min, in contrast to soluble
renin from the granules which loses 70% of its activity
under these conditions.
9. Plasma and renin from granules possess a similar
pH optimum.10.DEAE and Sephadex G-lOO column chromatography of
renin released from granules revealed only 1 peak of activity
on either column. Dialysis of renin against 0.1 N formic
acid and chromatographed on agrose gel suggests that only 1
molecular form of renin is synthesized and stored in the
granules.
Treating the isolated granule fraction in the
manner described is accompanied by the release of renin into
solution. On the basis of the data established and further
by reason of analogy, the granules behave as subcellular
entities with characteristics and properties of their own.
Obviously these properties are the same properties that are
reflective of the granules during renin release, particularly
in the hypertensive state in which the renin-angiotensin
mechanism is functioning.
Evidence is further brought forth for the following
concept of the granule structure. The granules behave as
an osmotic system with properties that are indicative of a
semipermeable membrane. The membrane is impermeable to
renin stored within the granules. Renin probably constitutes
99
the largest part of the soluble protein of the granule
matrix.
The existence of renin in high concentrations in the
granule fraction and the rapid release which occurs when
granules are treated with agents that solubilize membranes
suggest that renin is stored in a soluble form. Furthermore,
the suggestion is offered that renin exists as a homogeneous
molecular form in the granules.
LITERATURE CITED
Anderson, N. G. 1956. Technique for the mass isolation of
cellular components, pp. 299-360. In G. Oster and
A. W. Pollister, (eds.) Physical techniques in biologi¬
cal research. Academic press, New York.
Anson, M. L. 1939. The denaturation of proteins by synthetic
detergents and bile salts. J. Gen. Physiol. 23:239-241.
Appelmans, F. and C. deDuve. 1955. Further observations on
the binding of acid phosphatase by rat liver particles.
Biochem. J. 59:426-433.
, R. Wattiaux, and C. deDuve. 1955. The
association of acid phosphatase with a special class of
cytoplasmic granules in rat liver. Biochem. J.
59:434-445.
Barajas, L. 1966. The development and ultrastructure of the
juxtaglomerular cell granule. J. Ultrastruct. Res.
15:400-413.
and H. Latta. 1963. The juxtaglomerular appara¬
tus in adrenalectomized rats. Light and electron
microscopic observations. Lab. Invest. 12:1046.
Baudhuin, P, 1969. Liver peroxisomes cytology and function.
Ann. N. Y. Acad. Science. 168:214-227.
Bean, J. W. 1942. Specificity of the renin-hypertensinogen
reaction. Amer. J. Physiol. 77:34-40.
100
101
Berthet, J. and C. deDuve. 1951. The existence of a mito-
chondria-linked, enzymically inactive form of acid
phosphatase in rat-liver tissue. Biochem. J.
50:174-181.
, L. Berthet, F. Appelmans and C. deDuve. 1951.
Tissue fractionation studies. 2. The nature of the
linkage between acid phosphatase and mitochondria in
rat-liver tissue. Biochem, J. 50:182-189.
Bingle, A. and E. Strauss. 1909. Uber die blutdruckstei-
gernde substance der niere. Dtsch. Arch. Klin. Med.
96:476-485.
Braverman, B,, R. H. Freeman and H. H. Rostorfen. 1971. The
influence of dietary sodium chloride on in vitro renin
release from rat kidney slices. Proc. Soc, Expl. Biol.
Med. 138:81-88.
Bock, R. M. and L. Nan-sing. 1954. Devices for gradient
elution in chromatography. Analyt. Chem. 26:1543.
Boucher, R., J. Menard and J. Genest. 1967. A micromethod
for measurement of renin in the plasma and kidney of
rats. Can. J. Physiol. Pharmacol. 45:881-890.
Boyd, G. W. 1972, The nature of renal renin, pp. 161-169.
In J. Genest and E. Koiw, (eds.) Hypertension 72.
Springer-Verlag. New York.
Bozovic, L. J. and S. Efendic. 1969. Renin secretion in
vitro from rat kidney cortex slices. I. Influence of
glucose on renin secretion. Acta Endocrinol. 60:550-554.
102
Burger, S. P., T. Fuji and D. J. Hanahan. 1968. Stability
of bovine erythrocyte membrane. Biochem. 7:3682-3699.
Cajal, S. R. 1914. Golgi apparatus as the site of formation
of secretory granules. Lab. Invest. Biol. (Trabajos)
12:17-22.
Caro, L. G. and G. E. Palade. 1964. Protein synthesis,
storage and discharge in the pancreatic exocrine cell.
J. Cell Biol. 20:473-494.
Carvalho, J. S., R. Shapiro, P. Hopper and L. B. Page. 1975.
Methods for serial study of renin angiotensin system in
the unanesthetized rat. Am. J. Physiol. 228:369-375.
Chandra, S. 1963. Electron microscopy study of hamster
liver. 1. Morphology of secretion. J. Microscopie
2:297-307.
, J. C. Hubbard, F. R. Skelton, L. L. Bearardis,
and S. Kamura. 1965. Genesis of juxtaglomerular cell
granules. Lab. Invest. 14:1834-1847.
Chiang, T. S., E. G. Erdos, I. Miwa, L. L. Taque and
J. J. Coalson. 1968. Isolation from a salivary gland
of granules containing renin and kallikrein. Cir. Res.
23:507-517.
Coniniek, S., M. J. Rutegeerts and R. Wattiaux. 1965.
Lysosomes in rat-kidney tissue. Biochem. Biophys. Acta
105:446-459.
Cook, W. F. 1963. 1963. The location of renin in the kid¬
ney. Biochem. Pharmacol. 9:165-171.
103
1968. The detection of renin in juxtaglomerular
cells. J. Physiol. (London) 194:73p-74p.
Coore, H. G., B. Heilman, E. Pihl and I. B. Taljedal. 1969.
Physicochemical characteristics of insulin secretion
granules. Biochem. J. 111:107-113.
d'Auriac, G. A., M. Baudouin and P. Meyers. 1972. Mechanism
of action of angiotensin in smooth muscle cells. Circ.
Res. 30:151-157.
Davis, J. 0. 1971. What signals the kidney to release renin.
Circulation. 20:15-27.
Davis, B. 1964. Disc electrophoresis II. Method and Ap¬
plication to human serum proteins. Ann. N. Y. Acad.
Science. 121:405-411.
Demopoulos, H. B., G. Kaley and B. W. Zweifach. 1960. The
histological distribution of renin in the kidneys of the
rat and rabbit. Am. J. Path. 37:443-455.
Dengler, H. 1959. Catecholamine excretion in infectious
disease. Klin. Wschr. 37:798-803.
and G. Reichel. 1960. Untersuchungen zur
intrazellular lokalisation der renin and hypertensinase-
aktivitat. Experientia. 16:36-38.
Deodhar, S. D., E. Hass and H. Goldblatt. 1964. Production
of antirenin to homologous renin and its effect on
experimental renal hypertension. J. Exp. Med.
119:425-432.
104
deDuve, C. 1959. Lysosomes, a new group of cytoplasmic
particles. pp. 128-159. ^ T. Hayashi, (ed.) Sub-
cellular particles. Ronald Press Co., New York.
Farquhar, M. G. and S. R. Wellings. 1957. Electron micro¬
scopic evidence suggesting secretory granule formation
within the golgi apparatus. J. Biophys. Biochem. Cytol.
3:319-321.
Fisher, E. R. 1966. Lysosomal nature of juxtaglomerular
granules. Science. 52:1752-1753.
Friedman, M. and A. Kaplan. 1942. Studies concerning the
site of renin formation in the kidneys. 1. The absence
of renin in the aglomerular kidney of the midshipman
fish. J. Exper. Med. 75:127-131.
Gianetto, R. and C. deDuve. 1954. Comparative study of the
binding of acid phosphatase, g-Glucuronidase and cathep-
sin by rat-liver particles. Biochem. J. 59:433-438.
Goldblatt, H, 1934. Studies on experimental hypertension.
1. The production of persistent elevation of systolic
blood pressure by means of renal ischemia. J. Exp. Med.
59:347-351.
Gomba, S. and B. M. Soltesz. 1969. Histochemistry of lyso¬
somal enzymes in juxtaglomerular cells. Experientia.
25:513.
Goormaghtigh, N. 1939. Existence of an endocrine gland in
the media of the renal arterioles. Proc. Soc. Exp. Biol.
Med. 42:688-689.
105
Govaerts, P. and A, Verniory. 1948. Influence de intoxica¬
tion par les tartrates sur le contenu ces renin en renin.
Rev. Belg. Path. 18:399-420.
Hass, E., H. Goldblatt, and E. C. Gipson. 1963. A study of
enzymatic and antigenic properties of renin. J. Immunol.
91:170-182.
, , and . 1965. Extraction,
purification and acetylation of human renin and the
production of antirenin to human renin. Arch. Biochem.
Biophys. 110:534-543.
, H. Lamfrom and H. Goldblatt. 1953. The isolation
and purification of hog renin. Arch. Biochem.
42:368-382.
, H. Goldblatt, R. L. Klick and L. Lewis. 1975.
Kinetics of the renin-antirenin reaction: micromethods
for the assay of renin and antirenin. Am. J. Physiol.
228:973-979.
Haber, E. T., T. Koerner, L. B. Page, B. Kliman and A. Purnode.
1969. Application of a radioimmunoassay for angiotensin
I to the physiological measurement of plasma renin
activity in normal human subjects. J. Clin. Endocrinol.
Metab. 29:1349-1355.
Hartroft, P. M., L. E. Sutherland, and W. S. Hartroft. 1964.
Juxtaglomerular cells as the source of renin: further
studies with the fluorescent antibody technique and the
effect of passive transfer of antirenin. Can. Med.
106
Ass. J. 90:163-166.
Hartwich, A. and G. Hessel. 1932. Der einfluss der blut-
druckauglerauss-chaltung auf den adrenalingehald des
blutes. Ziges. Exp. Med, 53:612-619.
Helmer, O. M. and I. H. Page. 1939. Purification and some
properties of renin. J. Biol. Chem. 127:757-763.
Hessel, G. 1938. Uber das renin. Ein experimenteller
Beitrag zur pathogenese des renalen hochdrucks.
Arch. Exp. Path. Pharmak. 190:180-187.
Hillarp, N. A. and B. Hokfelt. 1955. The adrenaline and
nonadrenaline containing granules in the adrenal
medullary cells with reference to the storage and re¬
lease of the synpathominetic amines. Acta Physiol.
Scand. 31:(suppl. 113)79-107.
Howell, S. L., C. J. Fink and P. E. Lacy. 1969. Isolation
and properties of secretory granules from rat islets of
Langerhans. J. Cell Biol. 41:154-162.
Ito, S. and R. J. Winchester. 1963. The fine structure of
gastric mucosa in the bat. J. Cell Biol. 16:541-548.
Jong, W. 1969. Release of renin by rat kidney; relationship
to plasma renin after desoxycorticosterone and renal
hypertension. Proc. Soc. Exptl. Biol. Med. 120:85-88.
Kaplan, A. and M. Friedman, 1942. Studies concerning the
site of renin formation in the kidney. The apparent site
of renin formation in the metanephros of the hog fetus.
J. Exp. Med. 76:307-315.
107
and . 1943. Studies concerning the
site of renin formation in the kidney. The renin con¬
tent of the mammalian kidney following specifici
necrosis of proximal convoluted tubular epithelium.
J. Exp. Med. 77:65-69.
Katz, Y. L. and H. Goldblatt. 1943. Studies on experimental
hypertension. The purification of renin. J. Exp. Med.
78:67-74.
Latta, H. and A. B. Maunschbach. 1962. The juxtaglomerular
apparatus as studied electron microscopically. J.
Ultrastruct. Res. 6:547-561.
Leckie, B. 1972. The activation of a possible zymogen of
rehin in rabbit kidney. Clin Science. 44:301-304.
Lowry, 0. H., N. J. Rosebrough, A. L. Farr and R. J. Randall.
1951. Protein measurement with the folin phenol reagent.
J. Biol. Chem. 193:265-275.
Lumb, J. R. and R. G. Doell. 1970. The biochemical charac¬
terization of alkaline phosphatase from chemical and
viral-induced thymic lymphomas of C57B1 Mice. Cancer
Res. 30:1391-1396.
Matsunago, M. 1972. Nature of lysosomal angiotensinase
activity. Jap. Circ. J. 35:333-338.
, J. Kira, N. Saito, K. Ogino and M. Takayasu.
1968. Acid angiotensinase renin and acid adenosine
triphosphatase in rat kidney lysosomes. Jap. Circ. J.
32:137-143.
108
Menard, J. and K. J. Catt. 1972. Measurement of renin ac¬
tivity concentration and substrate in rat plasma by
radioimmunoassay. Endocrinol. 90:422-430.
Morimoto, S., K. Yamamoto and J. Ueda. 1972. Isolation of
renin granules from dog kidney cortex. J. Appl. Physiol.
33:306-311.
Nairn, R. C., K. B. Fraser and C. S. Chadwick. 1959. The
histological localization of renin with fluorescent
antibody. Brit. J. Exp. Path. 40:155-163.
Nishimura, H. and H. Sokable. 1968. Inhibition of angio-
tensinases in the rat plasma and kidney. Jap. Heart
J. 9:494-503.
Nustad, K. 1970. Localization of kininogenase in the rat
kidney. Br. J. Pharmac. 38:87-98.
and I. Rubin 1970. Subcellular localization of
renin and kininonase in the rat kidney. Br. J.
Pharmac. 40:326-333.
Oberling, C. 1927. L'existence d'une housse neuromuscalaire
au niveau des arteres glomerulaires de 1'homme. C. R.
Acad. Science (Paris). 184:1200.
and P. V. Hatt. 1960. Etude I'appareil
juxtaglomerulaire du rat au microscope electronique.
Ann. Anat. Pathol. 5:441-458.
Ogino, K., M. Matsunaga, N. Saito, J. Kira and M. Takayasu.
1967. Renin and acid adenosine triphosphate as lysosomal
enzymes. Jap. Circ. J. 31:1-8.
109
Ornstein, L. 1964. Disc electrophoresis. I. Background
and theory. Ann. N. Y. Acad. Science. 121:321-349.
Page, L. B., E. Haber, A. Y. Kimura and A. Purnode. 1969.
Studies with the radioimmunoassay for angiotensin II and
its application to measurement of renin activity. J.
Clin. Endocrinol. Metab. 29:200-206.
Palade, G. E. 1959. Functional changes in the structure of
cell components, p. 64. I. Hayashi (ed. ) Sub-
cellular particles, Ronald Press Co., New York.
Pearce, R. M. 1909. An experimental study of the influence
of kidney extracts and of the serum of animals with
renal lesions upon the blood pressure. J. Exp. Med.
11:532-541.
Peart, W. S. 1965. The renin angiotensin system. Pharmacol.
Rev. 17:143-182.
, A. M. Lloyd and G. N. Thatcher. 1966. Puri¬
fication of pig renin. Biochem. J. 99:708-718.
Peterson, E. A. and A. A. Sober. 1962. Chromatography of
proteins. I. Cellulose ion exchange absorbants. J.
Am. Chem. Soc. 78:751-756.
Pickens, P. T., F. M. Bumpus, A. M. Lloyd, R. R. Smeby and
I. H. Page. 1965. Measurement of renin activity in
human plasma. Circ. Res. 17:438-448.
Pickering, G. W. 1938. The assay of renin in rabbits with
experimental renin hypertension. Clin. Science.
and M. Prinzmetal. 1938. Some observations
4:401-414.
110
on renin, a pressor substance, contained in normal
kidney together with a method for its biological
assay, Clin. Science. 3:211-223.
Pitcock, J. A., P. M. Hartroft and L. N. Newmark. 1959.
Increased renal pressor activity (renin) in sodium
deficient rats and correlation with juxtaglomerular
cell granulation. Proc. Soc. Exp. Biol. Med. 100:
868-873.
Potter, V. R. and C. A, Elvehjem. 1936. A modified method
for the study of tissue oxidations. J. Biol. Chem.
114:495-504.
Reynolds, J. A. 1969. Are inorganic cations essential for
the stability of biological membranes? Ann, N. Y.
Acad. Science. 195:75-85.
Robertson, A. L., R. R, Smeby, F. M. Bumpus and I. H. Page.
1966. Production of renin by human juxtaglomerular
cells in vitro, Circ. Res. (suppl.) 18:131-142.
Ruyter, J. H. C. 1925. Uber einen merkwurdigen abschnitt
der vasa afferentia in der mauserniere. 2. Zellforsch
2:242-246.
Ryan, J. W., J, K. McKenzie and M. R. Lee. 1966. A simple
rapid method for the quantitative assay of plasma renin
(Abstr.) Proc. Internat. Congr. Nephrology. 1966:265.
Ill
Saladino, A. J. and F. Trump. 1963. Evidence for the
structural heterogenicity of the granules in the
juxtagolmerular cells of the rabbit kidney; electron
microscopic observation, (Abstr.) Anat. Rec, 145:279.
Sealey, J. I., J. N. Gerten and J. G. G. Ledingham. 1967.
Inhibition of renin by heparin. J. Clin. Endocrinol.
27:699-706.
and J. H. Laragh. 1975. Radioimmunoassay of
plasma renin activity. pp. 36-56. Lab. Manage. Sept.
United Business Publications, New York.
Shaw, H. B. 1909. The Goulstonian lecture on autointoxica¬
tion and its relation to certain disturbances of blood
pressure. Lancet. 1:1295-1304.
Shibko, S. and A. L. Tappel. 1965. Rat-kidney lysosomes:
Isolation and properties. Biochem. J. 95:731-745.
Siekevitz, P. and G. Palade. 1958. A cytochemical study
on the pancreas of the guinea pig. 2. Functional
variations in the enzymatic activity of microsomes.
J. Biophys. Biochem. Cytol. 4:309-317.
Sjostrand, F. S. 1962. Exocrine pancreas. pp. 1-34. In
A. V. N. Reuk and M. P. Cameron, (eds.) Ciba Foundation
Symposium. J. Churchill Ltd., London.
and V. Hanzon. 1954. Membrane structures
cytoplasma and mitochondria in exocrine cells of mouse
pancreas as revealed by high resolution electron
microscopy. Exptl. Cell Res. 7:393-415.
112
and . 1961, Function of the
golgi apparatus in the exocrine pancreas cell. Science,
134:1434-1435.
Skeggs, L. T., K. E. Lentz, J. R. Kahn and H. Hochstrasser.
1967. Studies on the preparation and properties of
renin. Circ. Res. 20:91-99.
, , and .
1964. The chemistry of renin substrate. Can. Med. Ass.
J. 90:185-193.
Skelton, I. R., S. Chandra, J. C. Hubbard and L. L. Bernadis.
1967. Studies on the genesis of the juxtaglomerular
cell granules. Circ. Res. 20-21 (suppl.):29-45.
Swingle, W. W., A. R. Taylor, W. D. Collings and H. W. Hays.
1989. Preparation and bioassay of renin. Am. J. Physiol,
127:768-778.
Tobian, L. 1962. Relationship of juxtaglomerular apparatus
to renin and angiotensin. Circ, Res. 25:189-197.
, J. Janecek and A. Tomboulian. 1959. Correlation
between granulation of juxtaglomerular cells and extract-
able renin with experimental hypertension. Proc. Soc.
Exp. Biol. Med. 100:94-96.
Tigerstedt, R. and P. G. Bergman. 1898. Niere and kreislauf.
Skand. Arch. Physiol. 8:223-271,
Vander, A. J. 1967. Control of renin release. Physiol. Rev.
47:359-370.
and R. Miller. 1964. Control of renin secre¬
tion in the anesthetized dog. Am. J. Physiol. 207:537-546.
113
Vincent, S. and W. Sheen. 1903. The effects of intravenous
injections of extracts of animals' tissues. J. Physiol.
29:242-265.
Walker, P. G. 1952. The preparation and properties of
6-Glucuronidase. Biochem. J. 51:223-232.
Weinberger, M. H. 1971. Renin release by rat kidney slices
in vitro. Control of renin secretion. pp. 145-150.
Plenum, New York.
Wissig, S. L. 1963. The anatomy of secretion in the follicu¬
lar cells of the thyroid gland. 2. The effect of acute
thyrotrophic hormone stimulation on the secretory
apparatus. J. Cell Biol. 16:93-116.
Yamamoto, K. , H. Tanaka, K. Horiuch and J. Ueda. 1967.
Release of renin from dog kidney cortex slices in vitro.
Jap. J. Pharmacol. 17:685-686.
Yoshiipura, F. and A. Negishi. 1954. Experiments concerning
the site of renin formation. Amer. J. Physiol. 178:
251-255.
and A. Shindo. 1955. Site of renin formation.
Endocrinol. Jap. 2:1-6.
